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Abstract

Proteins are the mostabundart and diverseclassof biomoleculeshat
mediate the vast majority of biochemical processes.The functional
units within a protein are the "domains" which fold autonomously
from the rest of the linear amino acid sequenceén the protein. Novelty
in protein function often arisesas a result of gain, lossor re-shu ing
of existing domains. Thus, protein domains can arguably be seen
as stable units of ewlution. Howewer, the ewlutionary origin of do-
mains themsehes is more challenging and is largely unexploredarea
of researab.

Domains often adopt to a limited number of structural forms called
folds, despite the seeminglyendlessdiversity of the proteins. These
folds are largely formed by a limited ‘'vocabulary' of recurring super-
secondarystructural elemerts, often by repetition of the sameelemen
and, increasingly elemets similar in both structure and sequencere
discovered. This suggestghat modern protein domainsewlved by fu-
sion and reconbination from a more ancient peptide world and that
many of the corefolds obsenedtoday may cortain homologousbuild-
ing blocks.

Solenoidrepeat proteins of Tetratrico Peptide Repeat (TPR) domain
represeh an attractive model to explorethis issue. TPR domainsare
formed by repetition of an  -hairpin, a supersecondarystructural
elemen. Since -hairpins are frequert in proteins, therefore TPR-
like domainsmight have arisenby the repetition of protein fragmerts
that were originally usedin a di erent structural cortext.



In order to explorethis question,we require a better ability to judge,

which  -hairpinsare TPR-lik e. Currently, seweral resourcesre avail-

able for the prediction of TPRs, howewer, they often fail to detect
divergen repeat units. We therefore deweloped 'TPRpred’, a pro le-

basedmethod which usesa P-value-degenden scoreo set to include
diverger repeat units, and also exploits the tendency of the repeats
to occur in tandem. We bendimarked the performanceof TPRpred

in detecting TPR-containing proteins and in delineating the individ-

ual repeats within a protein, against currertly available resources.
TPRpred not only performed signi cantly better in detecting diver-
gert repeatsin TPR-containing proteins, but alsodetectedmore num-

ber of individual repeat units.

Weiderti ed seweralpromising -hairpinsin non-TPR proteinswhich
resenble the repeating unit of TPR, by using TPRpred in conjunc-
tion with structure-structure comparisonsand we further selectedhe
best v e hairpins namely, the mitochondrial outer menbrane translo-
caseTom20,the ribosomalprotein S20(RPS20), the phospholipaseC
(PLC), the heat shack protein 20 (HSC) and the bacterial glucoany-
lase (BGA), to experimertally construct new TPR-like domains by
repetition. Using ead of thesehairpins, we constructedthree di er-
ert arti cial genescoding for one, two and three copies. The result-
ing arti cial proteins were expressedpuri ed and then characterised
using circular dichroism, thermal denaturation and uorescencespec-
troscopy experimerts. The biophysical properties of these TPR-lik e
domains can also be correlated to the statistical signi cance of the
parertal hairpin likely to be a repeating unit of TPR. Although high-
resolution structures have not yet been determined, proteins made
from the hairpins of Tom20 and RPS20 appear to have native-like
properties. The hairpin of RPS20is signi cant in our study, because
rib osomalproteins are amongthe most ancient proteins known, and
sincemany of the modern non-ribosomalproteins cortain fragmerts
from the ribosomesthey might have beenthe building blocks in early
protein domain ewolution.



Zusammenfassun

Proteine stellendie am hau gsten vorkommendeGruppeder Biomolekele,
die aufgrund ihrer Diversitat an der groen Mehrzahl der biochemis-
chen Prozessebeteiligt ist. Die Faltungseinheit der Proteine ist die
Domane. Neuartige Proteine entstehen oft aus der Rekombination,
dem Zufugen oder Entfernen vorhandener Domanen; sie sind da-
her stabile Bausteine der Evolution. Wie Domanen, die sdion eine
betrachtliche Komplexitat haben, selbst entstanden sind, ist allerd-
ings weitgehendunbelanri.

Die sdheinbar endloseVielfalt der Proteine reduziert sich auf eine
begrenzteZahl struktureller Formen, sogenante Folds. Folds setzen
sich aus Supersekundestrukturen zusammen,die in einigen Fallen
audh aus repetitiven Einheiten bestehen.Dies weist darauf hin, dass
siedurch Fusionund Rekombination dieserEinheiten ertstanden sein
kennten.

Solenoidproteine,die aus sich wiederholendenEinheiten von Tetra-
tricopeptiden (TPR) bestehen,stellen ein attraktiv es Modell dar um
dieseFrage zu untersuchen. TPR Domanensind ausrepetitiven -
hairpins gefornt, die als einzelneElemenrte hau g in anderemKon-
text in Proteinen vorkommen. Die Wiederholung und Verknepfung
von Proteinfragmerten, die ihren Ursprung in anderenPolypeptiden
haben, kennte somit, nicht nur fur TPR Domanen, ein wichtiges
Prinzip der Evolution von Folds und Domanendarstellen.

Zur Beartwortung dieser Frage benetigen wir die Kenntnis, welde

-hairpins TPR-ehnlich sind. Da die verfugbarenResourcenoft di-
vergierendeRepeatsnicht erkennen,habenwir \TPRpred" entwickelt,
eine Methode auf der Basisvon Pro len, die hierzu in der Lage ist.



TPRpred war nicht nur besserim ErkennendivergierenderRepeats
in TRP Proteinen, sondernerkannte auch eine hehereZahl einzelner
Repeat-Einheiten.

Wir identi zierten in nicht-TPR Proteinen mehrere -hairpins, die
einer TPR Einheit ahnelten, und wahlten fur weitere Untersudun-
gen die besten funf aus: Mito chondriale Auenmenbrantranslokase
Tom20, ribosomalesProtein S20 (RPS20), PhospholipaseC (PLC),

Heat shack protein 20 (HSC) und bakterielle Gucoanylase (BGA).

Mit diesenHairpins konstruierten wir jeweils drei kenstliche Gene
mit einer, zwei bzw. drei verknupften Einheiten. Die resultierenden
Proteine wurdennach Expressionin Esderichia coli gereinigtund bio-
physikalisth charakterisiert. Die Eigenstaften dieserTPR-ahnlichen
Domanenkorrelierenmit der statistischen Signi kanz, mit der sieder
TPR-Einheit ahneln. Proteine, die ausTom20und RPS20hervorgin-
gen, haben vermutlich nativen Charakter, entsprechend einem gefal-
teten Protein. RPS20ist auch deswegenbedeutsam,da ribosomale
Proteine mit die altesten bekannten Proteine sind, deren Fragmerne
daher die Bausteinein der frahen Evolution von Domanen gebildet
haben kennten.
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Chapter 1

In tro duction

1.1 The origin of life

It has beenlong recognizedthat decipheringthe history of life on Earth is a
profound task. The scieric eld dewted to the origin of life on Earth is very
young, having takenits rst experimertal stepsin the 1950s. Though the ques-
tion has captivated human imagination sincethe dawn of history, its scieric
pursuit depended on se\eral crucial conceptual developmens during the 20th
certury. First, the emergenceof life was conceiwed as an integral part of the
generalprocessof ewlution, leading from the geahemistry of the barren Earth
to the universalcommonancestor,which later diversi ed into the Darwinian tree
of life asillustrated in Figure 1.1. Following the rise of molecularbiology in the
1950sand 1960s,the origin-of-life question could be formulated in biochemical
and geneticterms, making it a subject of experimertal investigation.

Early on, most scientists engagedin this researb were chemists who at-
tempted to formulate plausible scenariosfor the prebiotic syrnthesis of organic
building blocks, biologically relevant polymers,and the rst metabolically or ge-
netically functional chemical structures. In the late 1970s,however, geologists
alsobecameincreasinglyinvolved in the eld. Their participation was assaiated
with the rise of a new paradigm positing that the syrthesis of organic building
blocks and the emergenceof life itself took placenot in the "primordial soup" of
the traditional hypothesesbut in the vicinity of underseahydrothermal vens, at
high temperature and under extremepressure.Supporters of this new conception
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Figure 1.1: Timeline of events pertaining to the early history of life on Earth,
with approximate datesin billions of yearsbeforethe presen [5].

claim that origin-of-life theoriescannow be subjectedto morerigorousconstrairts
posedby speci c primordial physical settings[1]. On the other hand, the "soup
people” in particular, Stanley Miller, renowvned pioneer of the 1953 prebiotic
simulation experimerts, and his colleaguegejected the alternative paradigm as
empirically untenable [2]. They arguedthat organic compoundsare decompsed
at 350 C rather than syrnthesized,and polymerssud aspeptide, RNA, and DNA
are hydrolyzed rapidly rather than synthesizedat vert temperatures[3]. This
meansthat organic compoundswould not accunulate over very long periods of
time, and thereforethe vent destruction setsa time frame for the origin of life of
appraximately ten million years.

We do not have a detailed knowledge of the processeghat led to the ap-
pearanceof life on Earth. Howewer, there is corvincing paleortological evidence
shawing that stromatolite-building phototactic prokaryoteswere already in exis-
tence 3.5 billion yearsago|[4].

1.1.1 The heterotrophic origin of life

The Oparin-Haldane heterotrophic theory of the origin of life has beenwidely
acceptedon the basisthat a heterotrophicorganismis simplerthan an autotrophic
one, and prebiotic synthesis experimerts shav how easy it is under reducing
conditions to produce organic compounds, many of which are usedin presen
biology. Howeer, there are, somerecen examplesof autotrophic proposalsmade
for a variety of reasons.
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1.1 The origin of life

One reasonfor proposing an autotrophic origin is the CO,-rich model of the
primitiv e Earth's atmosphere[6]. High pressuresof CO, (10-100atm) imply the
absenceof reducing conditions and organic compound syrthesis, and therefore
it would be necessaryfor the rst organismsto biosyrnthesizetheir organic com-
pounds,or to make useof the very small amourts of organiccompoundsbrought
in by cometsand meteorites.

There have beensomany unsuccessfuattempts to produce prebiotic organic
compoundswith CO,+N »,+H ,O mixtures (in the absenceof hydrogen) that one
wonderswhether successfuprebiotic synthesesare possibleunder sud conditions.
The autotrophic theoriesare not supported by adequateexperimertal evidences
of how organic compounds can be produced, and how sud systemscan work.
This is quite a challenge, since even heterotrophic entities, which needto take
their compoundsfrom the ervironment, are di cult to envision.

1.1.2 RNA world

The discovery of catalytic RNA (rib ozymes)gave credibility to prior suggestions
that the rst living organismswere self-replicatingRNA moleculeswith catalytic
activity, a situation calledthe \RNA world" [7]. It isunlikely that RNA itself with
four bases(AUGC) and a rib ose phosphatebadkbone was a prebiotic molecule
(Figure 1.2). The period whenthe informational macromoleculehad a badkbone
di erent from rib osephosphateand possiblydi erent basesds referedasthe \pre-
RNA world" [8]. The \pre-RNA world" is assumedto have the sameessetial
characteristic of the \RNA world" phenotype and genot/pe both residein the
samepolymer, so no protein or related catalysts are required to be syrthesized.
The\RNA world" ideahasbecomewidely accepted becauseéhe RNA molecule
has a pervasiwe role in contemporary biology, esgecially with regardto the most
fundamenal and highly consened cellular processeslt is involved asa primer in
DNA replication, a messengethat carriesgeneticinformation to the translation
madinery, and a catalyst that lies at the heart of the ribosome.RNA instructs
the processingof precursor messengeRNAs during splicing and editing, and
mediates numerous other transactions of RNA and proteins in the cell [5]. It
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is as if a primitiv e civilization had existed prior to the start of recorded his-
tory, leaving its mark in the foundation of a modern civilization that followed.
Although there may newer be direct physical evidenceof a RNA-based organ-
ism, becausethe \RNA world" is likely to have been extinct for almost four
billion years, molecular archaeologistshave uncovered artifacts of this ancestral
era, none more pronouncedthan the recenly reported crystal structure of the
ribosome[9, 10, 11]. This structure revealsthe face of the \RNA world" in the
active role that RNA hasin protein syrthesis, and are consideredas a relics or
molecularfossilsof the \RNA world" [12]. RNA folds into a variety of complex
tertiary structures, analogougto structured proteins, and catalysesa broad range
of chemical transformations [13]. It seemslikely that RNA has the capability
to support life basedon RNA genomeshat are copiedand maintained through
the catalytic function of RNA. Howeer, there are substartial gapsin sciernic
understanding concerninghow the \RNA world" arose,the degreeof metabolic
complexity that it attained, and the way that it ledto DNA genomesand protein
enzymes(Figure 1.1).

1.1.3 DNA-protein based life

Although RNA is well suited as a genetic moleculeand can ewlve to perform
a broad range of catalytic tasks, it haslimited chemical functionality and thus
may not be equipped to meet certain challengesand opportunities that arisein
the ervironment [14]. The crowning achievemen of the \RNA world" was the
invertion of protein synthesis, instructed and catalysedby RNA, but alsobegan
its demise[15].

RNA is capableof performing all of the reactionsof protein syrthesis. The
messengerntransfer and ribosomalRNA moleculesthat exist in all known organ-
isms direct the asserbly of speci c polypeptide sequencesinstructed by corre-
sponding RNA sequencesThe activation of amino acidsin the form of aminoacyl
aderylates, and subsequentransfer of the amino acidsto the tRNAs, are catal-
ysedin modern biology by the setof 20aminoacyl-tRNA syrnthetaseproteins. The
nal step of protein syrthesis involves binding aminoacyl and peptidyl oligonu-
cleotidesat adjacer positions along the RNA template and catalysing peptide
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bond formation through attack of the -amine of the amino acid on the carbony!
of the peptidyl ester[16].

The next step towards the origin of the genetic code was the formation of
peptide bonds between amino acids that were attached to RNA. The products
of this reaction must have conferredsomeselective advantage, even though the
peptides probably would have beentoo small and too heterogeneousn sequence
to function as catalysts [17]. Instead, they might have sened as cofactors for
ribozymesor beenmore e ectiv e than amino acidsfor any of the rolessuggested
above [18]. RNA-catalysed peptide bond formation might have resulted in a
large number of possible peptide sequencesand ewen this mixture may have
beenuseful[19]. Howewer, the dewelopmert of a crude medanism for cortrolling
the diversity of possiblepeptideswould have beenadvantageous,and progressie
re nement of that medanism would have provided further selective advantage.
It is reasonableto postulate that, like the modern translation apparatus, the
ancestraltranslation systemmadeuseof messenger-li&@ RNA moleculeso gather
aminoacyl-RNAsin a speci ¢ order through Watson-Cridk pairing interactions.
Howe\er, it is not clear how the detailed assignmets of the genetic code were
made [20].

It is not known whetherthe invertion of protein synthesisprecededor followed
the invertion of DNA genomes.The primary advantage of DNA over RNA asa
genetic material is the greater chemical stability of DNA, allowing much larger
genomeshasedon DNA. Protein syrthesismay require more geneticinformation
than can be maintained by RNA.

1.2 Protein structure and folding

The name protein is derived from the Greekword \protas" which means"of pri-
mary importance”. It is a complexhigh-molecular-massorganic compound that
consistsof amino acids arrangedin a linear chain. Proteins were discovered by
JensJakob Berzeliusin 1838and are amongthe most actively-studied molecules
in biochemistry [21]. Like other biological macromoleculesud as polysacta-
rides, lipids, and nucleic acids, proteins are essetial componerts of all living
organisms[22]. Many proteins are enzymesthat catalyze biochemical reactions,
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whereasmarny other proteins have structural or medanical roles, sud asthose
that comprisea cell's cytoskeleton (e ectiv ely a systemof sca olding that main-
tains the cell's shape and size). Proteins are also important componerts of cell
signaling, the immune response,cell adhesion the cell cycle,and essetially every
processwithin a living cell.

1.2.1 Structural hierarc hy

Proteins are enormously diverse. There are billions of specieson Earth, and
eat codesfor thousandsof proteins. Although, theseproteins super cially looks
di erent, they often display substartial similarity both in sequenceand three-
dimensionalstructure [23]. All the proteins are linear heteropolymersbuilt from
20di erent L- -aminoacids[24]. Each of theseamino acidssharecommonstruc-
tural featuresthat includesan carbon to which an amino group, a carboxyl
group, and a variable side chain are bonded. Amino acidsin a protein are linked
by a peptide bond formed by a dehydration reaction. Once linked in the pro-
tein chain, an individual amino acid is often called a residue[25]. The peptide
bond hastwo resonancdorms that cortribute to the double bond character and
restricts rotation around its axis, forcing the alpha carbonsto be roughly copla-
nar [26]. By corvertion the bond anglesresulting from rotations at C arelabeled

(phi) for the N-C bond and (psi) for the C -C bond. Both and dihe-
dral anglesin the peptide bond are key determinarts of the secondarystructure
assumedby the protein's badkbone [27]. Due to the chemical structure of the
individual amino acids, the overall polymer chain hasdirectionality. The end of
the protein with a free amino group is known as the N-terminus or amino ter-
minus, while the end of the protein with a free carboxyl group is known as the
C-terminus or carboxy terminus. The distinct structural hierarchy displayed in
proteins is shown in Figure 1.3:

Primary structure : the order in which the individual amino acids are
arrangedin a single protein molecule.

Secondary structure : regularly repeating, non-caperatively-folding, lo-
cal structures stabilized by hydrogenbonds. The most commonexamples
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are the -helix and -strand, though random coil regionswith no de ned
hydrogenbonding pattern or characteristic shape are also frequert. Many
di erent individual secondarystructures canbe presei in the sameprotein
molecule,becausesecondarystructures are local.

Supersecondary structure : sumof the conbinations of secondarystruc-
tures which are frequert. The most frequert supersecondarystructures are
-hairpins,  -hairpins, and -elemerts.

Domain : autonomouslyfolding portion of a single protein moleculewith

the spatial relationship of the secondarystructuresto oneanother. Domain
is generally stabilized by nonlocal interactions, most commonly the forma-
tion of a hydrophobic core, but alsothrough salt bridges, hydrogenbonds,
disul de bonds, and ewen post-translational modi cations. Many domains
adopts limited number of structural form called \fold".

Tertiary structure : the overall shape of a single protein moleculewhich
constitutesthe spatial relationship of the secondarystructures and domains
to oneanother. Tertiary structure is generallystabilized by nonlocal inter-
actions.

Quaternary structure : structure that resultsfrom the interaction of more
than one protein molecule,usually called protein subunits, which function
as part of the larger assermbly or protein complex (oligomers). The com-
plex made up of samesubunits are called homomers,while with di erent
subunits are called heteromers.

1.2.2 Folding

The covalent badkbone of a typical protein cortains thousands of individual
bonds, where free rotation is possiblearound many of these bonds, therefore
protein can assumean unlimited number of conformations. Howeer, eat pro-
tein has a speci c function, strongly suggestingthat ead has a unique three-
dimensionalstructure [28]. This is achieved by processcalled protein folding by
which a protein structure assumesdts functional shape or conformation [29] by
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coiling and folding into a speci c three-dimensionalshape they are able to per-
form their biological function [30]. Protein folding is essetial for life, yet the
concenrated and complexinterior of a cell is an inherertly hostile ernvironment
for the e cient folding of many proteins. The reverseof this processis protein
denaturation, wherely a native protein is causedto loseits functional conforma-
tion, and becomea linear amino acid chain. Denatured proteins may losetheir
solubility, and precipitate, becominginsolublesolids. In somecasesgdenaturation
is reversible,and proteins may refold, this processs calledrenaturation. In many
other caseshowewer, denaturation is irreversible[31, 32].

The particular amino-acid sequencef a protein predisposesit to fold into its
native conformation or conformations[33]. Many proteins do so spontaneously
during or after their synthesisinside cells. While these macromoleculesnay be
seenasfolding themseles, in fact their folding dependsa great deal on the char-
acteristics of their surrounding solution, including the idertity of the primary
sohert (either water or lipid inside cells), the concetration of salts, the temper-
ature, and molecular chaperones[34]. Someproteins constrainedby sequence,
topology, size, and function simply cannot fold by themsehes and are instead
prone to misfolding and aggregation. This problem is so deeply entrenched that
a specializedfamily of proteins, known asmolecularchaperones,ewlved to assist
in protein folding [35. The large, oligomeric, and energy utilizing chaperonins
or Hsp60sare one of the main essetial classof molecular chaperones[36]. The
bacterial chaperonin GroEL, alongwith its co-daperonin GroES, is probably the
best-studiedexampleof this family of protein-folding madine [37].

Folding is a spontaneousprocess. The passageof the folded state is mainly
guided by Van der Waals forces and ertropic cortributions to the Gibbs free
energy(G): anincreasen entropy is achieved by moving the hydrophobic parts of
the protein inwards, and the hydrophilic onesoutwards. This endavs surrounding
water moleculeswith more degreesof freedom. During the folding process,the
number of hydrogenbondsdoesnot changeappreciably becausdor every internal
hydrogenbond in the protein, a hydrogenbond of the unfolded protein with the
agueousmedium hasto be broken.

Folding can funnel to a single stable state by multiple partially folded forms
(molten globule) in conformational space[38,39]. The generalenergylandscape
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1.2 Protein structure and folding

picture provides a conceptualframework for understandingfolding kinetics (Fig-
ure 1.4) [40,41]. The predominart equilibrium in proteins is not betweennative
and unfolded states, it is betweenthe native and multiple partially folded forms.
Some of these partially folded forms can be energetically closeto the native
state [42).

Resultsfrom many di erent disciplinesincluding protein folding, NMR and
fastkinetics are challengingthe onesequencegnestructure, onefunction paradigm.
Proteins - the simpli ed view of which assumesa singlerigid fold - have been
shown to exist as an ensenble of di erent conformationsin equilibrium before
encourtering a substrate. This hasprompted a newview of protein structure and
function in which conformational diversity provides a medanism for cortrolling
protein activation and permitting multi-functionalit y [43].

1.2.2.1 Correct folding

In certain solutionsand under someconditions proteins will not fold at all. Tem-
peraturesabove or below the rangethat cellstend to live in will causeproteinsto

unfold or "denature” (this is why boiling makesthe white of an eggopaque). High

concefrations of solutesand extremesof pH can do the same. A fully denatured
protein lacks both tertiary and secondarystructure, and existsasa so-calledran-
dom coil. Cells sometimesprotect their proteins againstthe denaturing in uence
of heat with enzymesknown as chaperonesor heat shack proteins, which assist
other proteins both in folding and in remaining folded. Someproteins newer fold
in cellsat all exceptwith the assistanceof chaperonemoleculesthat eitherisolate
individual proteins so that their folding is not interrupted by interactions with

other proteins or help to unfold misfolded proteins, giving them a secondchance
to refold properly

1.2.2.2 Misfolding

Protein misfoldingis now recognizedo beamajor cortributing factor in anumber
of protein folding diseasesincluding amyotropic laterial sclerosiscystic brosis,
Alzheimer's disease,Parkinson's disease,and a host of many di erent amyloi-
dosisdiseases.These diseasesare assaiated with the aggregationof misfolded
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1.2 Protein structure and folding
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Figure 1.4: Folding funnels to describ e protein folding. (A) A typical
folding funnel diagram usedto descrite the folding of a well behaved (often
single-domain)protein in vitro. (B) The e ect of molecular chaperoneson chain
conformationsin the cortext of a multiple-minima folding funnel. For simplic-
ity, funnel spaceis shovn only for stabilizing conformations. Hsp60 molecular
chaperonesrecognizepolypeptide chains (in either funnel) with conformations
that exposesigni cant amourts of hydrophobic surfacearea;theseconformations
are indicated by the areaof the funnelswithin the broken lines. In the iterative
annealingmedanism, the ATP hydrolysis cycle releasegpolypeptide chains with
fewer stabilizing interactions or higher chain ertropy (i.e. a higher position on
the funnel surface,indicated by the curved black arrows), permitting a new path
down the funnel surfacethat possibly traversesthe barrier separatingthe fold-
ing and aggregationfunnels (arrow marked with asterisk). In the An nsen cage
medanism [44], chain isolation in the certral cavity of the chaperonee ectively
blocks the aggregationfunnel (i.e. the conformationsstabilized by intermolecular
interactions, indicated by the pink octagon); this portion of the energylandscape
becomesnaccessiblgo the chain. Figure adopted from Clark [45].
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1.3 Protein  homology detection

proteinsinto insoluble plaques;it is not known whether the plaguesare the cause
or merely a symptom of illness. Protein aggregationand misfolding reactionsare
also the bane of protein production and impede pharmaceutical drug dewelop-
mert. Understandingthe fundamenal in vivo factors that cortrol the kinetics
of protein misfolding is the crucial aspect involved in deweloping proceduresand
strategiesto avoid this deleteriousside reaction. Elegart in vivo work of Nollen
et al.[1] hasshown that the elemens cortrolling protein homeostasisud aspro-
tein synthesis,energyproduction in the cell, chaperone-degnden protein folding,
protein transport, and protein degradation collectively cortrol intracellular pro-
tein aggregation. Howe\er, it is alsoknown that protein folding is in uenced by
the presenceof intracellular osmolytesthat, in turn, dramatically a ect protein
stabilities, protein folding rates, and protein aggregation.

1.3 Protein homology detection

Protein homologydetectionand sequencalignmert arethe basisof protein struc-
ture prediction, function prediction and ewolution. Homologousproteinsarethose
that are ewlutionarily related. They usually perform the samefunction in di er-
ert organisms. Homologousproteins from di erent organismsmay have nearly
similar amino acid sequences.Many positions in the amino acid sequenceare
occupied by the similar residuesin all organismsare called consened residues
whereasthe positions occupied with variable residuesare called non-consered
residues.

1.3.1 Finding similarities and inferring homologies

Sequencesimilarity searting is an essetial tool for molecular biologiststo un-
derstand the function of yet uncharacterisedgene[46]. Seartiesfor homologous
relationshipsbasedon sequenceimilarity have becomea routine step. The math-
ematicsbehind sequence&eomparisonhasbeendiscorered many timesin di erent
areasof science. Geology bird and whale songanalysis, and voice recognition
are few sudh areas. The rst description of a sequencesimilarity seartr method
in biology was published by Needlemanand Wunsd [47]. Traditional pairwise
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1.3 Protein  homology detection

sequencealignmert methods can be usedto detect homologyto sequencesvith
obvious ewlutionary relationshipsto a known structure. Generally for sequences
with identities > 30 %, fast sequenceeardiing methods sut asFASTA [48], and
BLAST [49 are fairly capableat detecting related proteins by scoring pairwise
comparisonsand comparein accuracyto the slowver, Smith and Waterman [50]
basedmethod SSEARCH [48. Howewer when sequenceadentities fall belov 30
%, convertional pairwise sequencecomparisonmethods fail to detect relation-
ships [5]], therefore, accurately annotating genesthat encale proteins with low
sequencadertity to any known protein structure remains problematic.
Sequencesearting hasbeenimproved beyond pairwise comparisonswith the
introduction of pro le-sequencebasedmethods sut asPSIBLAST [57], ISS[53],
SAM-T98 [54] and FFAS [55]. Thesemethods use information from pro les of
related sequence# order to detect more distant relationships. A signi cant im-
provemern over pro le-sequencebasedmethods are made possibleby comparing
pro les to proles. Sewral programsfor homologyrecognition have beendeel-
oped that are basedon pro le-pro le comparison: LAMA [56] PROF_SIM [57],
COMPASS|[58] and HHseart [59]. Theseprogramsare shonn to be signi cantly
more sensitive than PSI-BLAST and have beenapplied for idertifying ewlution-
ary links betweenprotein families previously thought to be unrelated. Proteins
may remain structurally very similar long after their sequencesimilarity hasdis-
appearedbecausestructures divergemuch more slowly than sequence$60].

1.3.2 Protein structure comparison

Proteins have complex three-dimensionalshapesthat, by eye, often bear strik-
ing similarity to one another over their ertire lengths or over shorter regions. In
parallel to what canbe deducedfrom pure sequenceelationships,structural simi-
larities alsosuggestthe possibility of evolutionary relationshipsbetweenproteins,
becausat is widely acceptedthat structure is better consered than sequencdat
least given our currert ability to detect sequencerelationships). Howevwer, de-
tecting geometricrelationships between proteins is a far more uncertain process
than the identi cation of pure sequenceelationships,asthe latter canbe clearly
de ned in statistical terms. In cortrast, there is considerableambiguity in how
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1.4 Protein engineering and design

to describe a geometricrelationship betweentwo proteins, resulting in the large
number of approatesto this problem descriked in the literature [61].

Computer analysisof tertiary structures beganwith the systematiccompari-
sonof tertiary structures of oxy- and deaxyhemoglobinby least squarestting of
their electron densities[62]. Subsequetty, comparisonof protein tertiary struc-
tures was initiated as the results of X-ray analysisbecameavailable [63, 64, 65].
Thesemethods may identify structural equivalence,which de nesthosestructural
elemelts that are coincidert in three dimensionsto generatestructural align-
merts. Structural alignmert programsde ne scoringfunctions that measurethe
geometric similarity between proteins and use various algorithms to seart for
two substructuressud that thesefunctions are optimal. Most existing similarity
measurescan be classi ed into two main types depending on what they com-
pare: the distancesbetween correspnding pairs of atomsin the two structures
(e.g. DALI [66], CE [67] and SSAP [68]); and the relative positions of the cor-
responding atoms of two proteins that have beensuperimposed(e.g. PriISM [69]
and SSM[70]). For ewlutionary comparisons,a sequetial seriesof structurally
equivalert residues,is required wherethe chain segmets are similarly directed.
This is known astopological equivalence.

1.4 Protein engineering and design

Protein designis the designof new protein moleculesfrom scratdh. Protein engi-
neeringdealswith the processof dewloping usefuland valuable proteins. It is a
young discipline, with much researt currertly taking placeinto the understand-
ing of protein folding and protein recognition for protein designprinciples. The
number of possibleamino acid sequencess in nite, but only a subsetof these
sequencewvill fold reliably and quickly to a singlenative state. Protein designin-
volvesidentifying sud sequencesdn particular thosewith a physiologically active
native state. A major challengein protein designis to create sequenceshat can
fold uniquely, i.e. to a single conformation rather than to many conformations.
The 20amino acidsare enoughto construct an astonishingnumber of di erent
protein structures that carry out a staggeringarray of biochemical processes.
The so-calledprotein-folding problem that has preoccupied structural biologists
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for more than four decadescan be most simply explained as the problem of
discovering how simple strings of 20 amino acids can encale the complexthree-
dimensional folded structures of proteins. Solving the protein-folding problem
implies that we would have the ability to read any amino acid sequenceand
deducethe correct native folded structure for that protein. Even with recen
progress[71], a complete solution to this problem lies somewherean the future.
Despite the di cult y in going directly from sequencdo structure, a number of
researbers have been interested in the inverse problem [72, 73, 74]: deducing
an amino acid sequencehat will, when syrthesized, self-assefle into a single
desired 3D structure. Unlike the protein-folding problem, which has only one
desiredsolution (the native folded state of the protein), the inversecaseis likely
to have many solutions. There are many examplesof pairs of proteins that fold in
a strikingly similar way, but which have no evidert similarity in their amino acid
sequence$75]. Statistically at least, solving the inverseprotein-folding problem
with its many potential solutionsshouldbe easierthan solvingthe protein-folding
problem, which hasusually just a single correct solution [76].

Protein designing greatly enhancesour understanding of protein ewolution
by designingthe novel protein moleculeswhich were presumedto be existed
during the ewlution of protein of interest. A fascinatingexampleis provided by
the / -barrel enzymesHisA and HisF, implicated in the histidine biosyrthesis
in Thermotoga maritima. Despite a sequencedentity of only 25 %, specic
structural features strongly suggestthat HisA and HisF have ewlved from a
commonhalf-barrel precursor[77,78].

1.5 Evolution

Complex organismshave ewlved from a limited number of primordial genesand
proteins [79. Howewer, the medanismsby which the earliest proteins ewlved
and their role for the presen diversity of protein function are still unknown. Pro-
tein ewolution is the object of intensestudy. The reasonfor this interestliesin the
inferenceof homologyto explorelife, basedon the study of model systems.Par-
ticularly in molecularbiology where seartesfor homologousrelationships based
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1.5 Evolution

on sequencesimilarity have becomea routine step to understandthe function of
yet uncharacterisedgene[46].

Proteins tend to changein the successi® generationsthrough basic meda-
nisms that produce ewlutionary changeslike natural selection(which includes
ecological,sexual,and kin selection)and geneticdrift; thesetwo medanismsact
on the genetic variation created by mutation, genetic reconbination and gene
ow. Natural selectionis the processby which individual organismswith favor-
able traits are morelikely to survive and reproduce. If thosetraits are heritable,
they passthem to their o spring, with the result that bene cial heritable traits
becomemore commonin the next generation[80]. Most frequerily, changesre-
sult from point mutations, insertions and deletions. By theseprocessesproteins
may becomeso dissimilar that their common origin cannot be detected from
their sequenceseven though they may still ful ll fundamertially the samefunc-
tion [81]. Howewer, their structuresdivergemuch more slowly, providing evidence
of commonancestrylong after their sequencesimilarity has decged [60].

The protein complemen of an organismis the result of parertal inheritance,
acquisition (through lateral transfer, viruses, or mobile elemens) and duplica-
tion. Duplication is certral to the diversi cation of proteins [82]. At the level
of full genomesduplication is an e ective path to increasedcomplexity, which
repeatedly occuredin the courseof ewlution [83,84,85]. At the level of operons,
duplication may lead to the e cient ewlution of novel pathways [86]. At the
level of single genes,duplication allows the emergenceof systemswith complex
functionality, such asthe vertebrate olfactory system,which is built onthousands
of homologousG-protein-coupledreceptors. In ead of thesecasesthe duplicated
copiesare freed from the selective pressureto maintain function and in fact come
under pressureto assumea novel selectablefunction in order to avoid extinction
through mutational inactivation [87].

Duplication, accompaniedby genefusion, is also essehal for a variety of
other processeghat result in the generation of novel proteins, sud as unequal
reconbination [8§], circular permutation [89,90], and domain shuing [91]. Un-
equal reconbination is the primary medanism that givesrise to repetitive pro-
teins [88,92]; an extreme caseis the giant muscleprotein, titin, which consistsof
hundreds of immunoglobulin domains.
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1.5 Evolution

1.5.1 Role of repetition in domain evolution

Most of the protein parts are derived from a basiccomplemem of autonomously
folding units called domains. Protein domainsare the basisfor the classi cation
of proteins into a hierarchy of families, superfamilies, and folds. The basiccom-
plemert of domainswas already establishedto a large extert at the time of the
last commonancestor[93], but somevery successfubdomainsaroselater within

the bacteria, archaea, or eukaryotes and radiated into the other kingdoms by
endosynbiosis or lateral transfer [79].

The basicprocesse®sf mutation, duplication, and shuing have led from a set
of ancestraldomainsto the complexproteins obsenedtoday. The ability of repe-
tition to generatenovel structures hasbeendocumerted in only few caseq94,95|.
Many of the mostimportant brous proteinscorntain short peptide repeats(Figure
1.5b): (1) Collagenis formed by hundreds of proline- and hydroxyproline-rich
Gly-X-Y repeats. (2) Coiled coils are primarily built on a repetitiv e pattern of
sewen residuesin which the rst and fourth residuesare hydrophobic and the
others are hydrophilic. (3) Finally, parallel -helicesare formed by staded coils
of two or three -strands. The ewlutionary succes®f repetitiv e proteins results
from the fact that repetition intrinsically promotesstability through the periodic
recurrenceof favorable interactions [96].

Greater structural variability canbe obtained by the repetition of larger units
with de ned secondarystructure. Frequerly, the most commonunits correspnd
to the samethree supersecondarystructures (Figure 1.5a). At the simplestlevel,
the monotonousrepetition of one supersecondarystructure elemem generally
givesrise to open-ended,solenoid structures (Figure 1.5c): Tetratrico Peptide
Repeat (TPR), HEAT, Armadillo-, and Ankyrin-repeat proteins are formed of
stacked -hairpins, leucine-ridh repeat proteins are formed of elemeitts,
and bacterial choline-binding domainsare formed of  -hairpins.

In somecasesrepetition of theseelemens may leadto closed,globular struc-
tures (Figure 1.5d-g): for example TIM barrels ( ), and -propellers( ),
both of which have yielded usefulsca olds for the emergencef catalytic activity
and thus help trace a path of increasedcomplexity from repetitive proteins to
fully di erentiated enzymes.Repetition is not only an important medanism in
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1.6 The solenoid proteins

the ewlution of multidomain proteins, but alsoin the ewlution of the domains
themsehes. The samerepetitivenesss detectablein a large classof menbrane-
enmbeddeddomains,the porin -barrels of bacteria and organelles(Figure 1.5g).
Theseare formed of betweenfour and eleven  -hairpins in a circular arrange-
mert [79].

YLegend for Figure 1.5. The panelsshonv A: the three most im-

portant supersecondarystructures; B: the main brous proteins (left-

handed -helix, 1LOS;right-handed -roll, 1SAT; coiled coil, 1ZIK; col-
lagen, 1BKV); C: solenoid proteins formed by repetition of supersec-
ondary structure elemetts (stacked -hairpin, 1HCX; TPR repeat, 1ELR,;

leucine-rich repeat, 1A4Y); D: superfoldswith recognizableinternal sym-
metry; the repeat unit is colored ( -trefoil, 4FGF; jelly-roll, 1GOH;

immunoglobulin-like, 1JP5; TIM barrel, 1HTI; ferredoin-like, 1APS; up-

and-down four-helix bundle, 1RPR); E: superfolds without recognizable
internal symmetry; somesupersecondarystructures are coloredfor illus-

tration (OB-fold, 1QVC; UB-roll, 1LKK; globin, 1EBC; doubly wound,

5CHY); F: a -propeller (1TBG); and G: the two types of menbrane
proteins: all- (porin, 2POR) and all- (rhodopsin, 1L9H).

1.6 The solenoid proteins

Solenoid repeat proteins have recerly attracted interest becauseof their ver-
satility as sca olds for the engineeringof protein-protein interactions [97]. This
classof proteinsis characterizedby homologousfepeating structural units, which
stack together to form an open-endedsuperhelical structure (Figure 1.6). Sud
an arrangemen is in cortrast to the structure of most proteins, which fold into a
compactshape [98]. Solenoidstructures adopt a variety of shapes,dependingon
the structural featuresof the repeating structural unit and the arrangemen of
individual units in the solenoid. The curvature createdby the superhelicalnature
of theseproteins predeterminesthe target proteins that can bind to them [99].
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Figure 1.5: Proteins from pieces. Figure adopted from Lupas et al. [79].
YLegendof this Figure is shovn in the previouspage.
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1.7 Tetratrico Peptide Repeats (TPRS)

1.7 Tetratrico Peptide Repeats (TPRS)

Solenoidrepeat proteins of the Tetratrico Peptide Repeat (TPR) family are in-
volved as sca olds in a broad range of protein-protein interactions [97,100. Se-
guenceanalysisof TPR-containing protein Cdc23pfrom S.cervisiae by Sikorski
et al., revealeda repeating 34 amino acid motif, which they named"T etratrico
Peptide Repeat" for the 34 residuesconstituting the repeating unit [10]. TPR-
cortaining proteins have sincebeenfound in almost all organisms,ranging from
bacteria to archaeaand eukaryotes [104. Howewer, they are more abundart in
eukaryotes. TPRs occur in a number of functionally diverseproteins, that are
involved in a variety of biological processesike cell cycle cortrol, transcription,
protein import, protein folding, signal transduction and neurogenesi$103 104].

The rst crystal structure of the TPR-containing domain of human protein
phosphataseb [105 revealedthat, it is formed of one or more stadked helix-turn-
helix ( hair pin) repeat units (Figure 1.6A). The repeat units are arranged
in sud a way that the polypeptide chain forms a cortin uousright-handed super-
helical architecture. This architecture resultsin a cortinuoushelical groove, that
actsasasca old in mediating protein-protein interactionswith the target proteins
[106. Moreover, this super-helical arrangemen of a repeating structural unit is
typical to all the members of -solenoidproteins [99]. In natural proteins, the
number of repeating units variesfrom 1-30. Comparisonof TPRs from a variety
of proteins revealsa high degreeof sequencaliversity with a conseration mainly
in terms of sizeand hydrophobicity of a few key residues[102 107.

1.7.1 TPR detection from protein sequences

The Tetratrico Peptide Repeats (TPRs) together with their related repeats, the
Pentatrico Peptide Repeats(PPRs) andthe SEL1-like repeats,form alargefamily
within the solenoid repeat proteins. The repeating unit of TPRs, PPRs and
SEL1-like repeatsare formed of two or more stadked 34, 35and 36-aminoacid -
hairpin repeat units, respectively [102 108 109. Thesesolenoidrepeat proteins
are involved in a diversespectrum of cellular functions sud as cell cycle cortrol,
transcription, splicing, protein import, regulatory phosphateturnover and protein
folding, by virtue of their tendencyto bind target proteins [110 108 111].

21



1.7 Tetratrico Peptide Repeats (TPRS)

Figure 1.6: Structure of TPR domains. The individual repeat units are shovn
in di erent color. The extra helix presen at the C-terminus is shovn in red. (A)
The three TPRs of protein phosphatases (PDB code 1A17). (B) The three TPRs
of consensuslesignedTPR domain (1NAO).
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1.7 Tetratrico Peptide Repeats (TPRS)

Homologousstructural repeat units are often highly divergen at the sequence
level, a feature that makestheir prediction challenging. Currently, seeral web-
basedresourcesare available for the detection of TPRs, including Pfam [117,
SMART [113, and REP [114. TheseresourcesisehiddenMarkov model (HMM)
pro les or sequencero les, which are constructedfrom the repeatstrusted to be-
long to the family. Howe\er, the pro les usedare constructedfrom closelyhomol-
ogousrepeats;therefore,divergen repeat units often get a negative scoreand are
not consideredn computing the overall statistical signi cance, even though they
are individually signi cant. For this reasonPfam, SMART, and REP perform
with limited accuracyin detecting remote homologsof known TPR-containing
proteins and in delineating the individual repeats within a protein [115 116.
For example, TPR-lik e repeats from the certral domain of MalT protein [E.
coli;PDB:1HZ4] are not detected by these resources. MalT is the transcrip-
tion regulator of the maltose regulon, which is responsible for the uptake and
catabolism of malto-oligosacbaridesin E. coli [117.

In order to predict sud divergen repeats, we have dewloped a specialized
tool (TPRpred), which is ableto predict TPR, PPR and SEL1-like repeatsfrom
protein sequencesThe advantagesof our method are the following:

We construct optimized pro les through iterative searties by varying the
threshold for inclusion of repeatsinto the pro les.

We apply a scoreo set in sud a way that repeats with P-value 0.01
will get a positive score. Therefore,even marginally signi cant repeatswill
cortribute to the whole-protein P-value.

Putativ e repeat units locatednearan alreadyiderti ed repeatgetatight-t
reward in orderto accoun for the tendencyof repeatsto occurin tandem.

Our tool reports not only P-values,basedon the scoredistribution of true
negatives derived from the known protein structures, but also computesa
probability that a target sequenceas a TPR protein.
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1.8 Aims of this study

1.7.2 Origin of TPR domain

Almost all known TPR-containing proteins can be detected using a single se-
guencepro le containing positional residue conseration information from the
homologousrepeat units [11§. This suggestdhat, the commonancestoris likely
to be a singlerepeat protein [119, from which multi-rep eat proteins are thought
to have ewlved by geneduplication and fusionewerts [119. Thesegeneticevens
are crucial medanismsof protein ewlution, that multiply andlink functional pro-
tein fragmernts [87,12(. The other plausible ewlutionary scenariois thought to
be duplication and reconbination of the -hairpin protein fragmers that were
originally presen in a dierent structural cortext [88, 121 122 79]. Although
the repeat units are highly similar at structural level, no structural repeat unit
is known that consistsof idertical sequenceepeat units in naturally occurring
TPR-containing proteins. Howeer, recerly perfectly repetitive TPR domains
were engineeredby consensugrotein designthat are identical both at the se-
quenceand structural level (Figure 1.6B) [123 124, 125. We undertook a similar
strategy but from an ewlutionary perspective.

To addressthe ewlution of TPRs, we have identi ed sewral -hairpins by
structure and sequencecomparisonsof known protein structures, which resem-
ble the repeating unit of TPRs both at the structural and sequencdevel. We
have selectedthe best v e hairpins, which includes: mitochondrial outer mem-
brane translocaseTom20 protein [102 126, ribosomalprotein S20(RPS20), the
phospholipaseC (PLC), the heat shock protein 20 (HSC) and the bacterial glu-
coanylase (BGA). From ead of these v e hairpins, three separateproteins were
constructedwith one, two, and three copiesof the respective hairpins.

1.8 Aims of this study

To validate the hypothesisthat modern protein domainshave ewlved from a lim-
ited set of ancient peptidesby fusion and reconbination, using TPR domain as
a casestudy. TPR domainis formed by the repetition of an  -hairpin, a super-
secondarystructural elemen. Giventhat -hairpins are frequen in proteins,
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1.8 Aims of this study

TPR-lik e domainsmight have arisenfrom the repetition of protein fragmerts that
were originally usedin a di erent structural corntext.

In orderto explorethis question,we require a better ability to judge, which

-hairpins are TPR-lik e. Currently, seweral web-basedesourcesare avail-
able for the detection of TPRs, including Pfam, SMART, and REP. How-
ewer, thesebioinformatics tools perform with limited accuracyin detecting
remote homologsof known TPR-containing proteins and in delineatingthe
individual repeats within a protein. We therefore deweloped TPRpred, a
pro le-based method that usesa P-value-degenden scoreo set to include
diverger repeat units, and exploits the tendencyof repeatsto occurin tan-
dem. With this pro le-to-sequencemethod we are ableto identify menbers
of the TPR family much more broadly.

We attempted to build new TPR-lik e domainsby repetition of  -hairpins
that resenble the repeating unit of TPR, from the best v e identi ed hair-
pins of non-TPR proteins, obtained using TPRpred in conjunction with
structure-structure comparisons.One of the signi cant hairpin is from the
ribosomalprotein S20(RPS20), which is of particular interest sincerib oso-
mal proteins are the molecularfossilsof the anciert peptide world.
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Chapter 2

Materials and Metho ds

2.1 Computational pro cedure

2.1.1 Algorithm

Givena query sequencef length L and a sequencepro le of length W represeir
ing asinglerepeatunit, TPRpred nds the best-scoringalignmert of the sequence
with an integer number of repeats, eat of them aligned without internal gaps
using standard log-odds scoring. Tandemrepeatswith agapof K residuesare
rewarded by r bits, while gapsof > K residuesare not penalized(K = 10in our
bendmarks).

Since no internal gaps are allowed within repeats, the scoredistribution of
the repeat pro le with unrelated sequence$ias an almost perfect Gaussiandis-
tribution *. The and parametersof this distribution are derived from a cali-
bration seart againsta databaseof unrelated protein sequencefrom the SCOP
database[127. The tails of a Gaussiandistribution approad zero much faster
than the tails of a Gumbel distribution (which would be obtained if internal gaps
were allowed). Therefore,the samepositive scoreof a true repeat unit will gen-
erally have a much higher signi cance in the caseof a Gaussianas compared
to a Gumbel distribution. Hence,the restriction of ungapped repeats increases
the sensitivity of TPRpred for detecting ungapped repeat families sud as TPRs,

1The scoreis a sum of W independert random variables and therefore it approaces a
Gaussianaccording to the certral limit theorem.
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2.1 Computational pro cedure

PPRs, SEL1-like and others with duplicated helical hairpins. TPRpred is able
to calculate morerealistic (i.e. lessoptimistic) E-values,by calibrating with true
negative sequencesis opposedto random sequences.

If the reward r for closelyspacedrepeat units is setlow (e.g. zero) then one
will fail to detect many repeats if their scoreis below zero. This is the case
for the HMMER software [12§, where often repeat instanceshave scoresbelow
zeroeven though their P-valuesare signi cant (e.g. below 0:01). Sincealignmert
algorithms nd the alignmert with maximum score they will skip repeatinstances
that are assignednegative scores.On the other hand, if r is set high, many false
positive repeat units will be found within K residuesof an already ascertained
repeat unit. We therefore set the reward r sud that the probability of nding
a false positive repeat instance within K residuesof another repeat is 0.01. To
further increasesensitivity, we add an o set to the repeat unit match scorein
sudh a way that the probability for the obsenation of a repeat in an unrelated
databaseprotein is equalto 0:01. This ensuresthat ewven repeat units with no
neighbourswithin K residueswill getdetected,if their P-valueis better than 0.01,
independert of the original scorebaseline(which dependson a null model that is
not appropriate for this purpose). At the sametime, this global o set guarartees
that only very rarely (with probability 10 4) TPRpred will nd morethan one
false positive repeat unit in an unrelated protein. TPRpred not only computes
P-values, which are solely basedon the true negative scoredistribution, but is
also able to report the probability that a target sequences a true homolog, by
making useof both the true positive and true negative scoredistributions.

The algorithm has beenimplemented as a computer program "TPRpred",
written in C++ (a Perl version is also available) and has been tested on a
GNU/Lin ux platform with a i386 processorarchitecture.

2.1.2 Seed alignmen t construction

We obtained all those three-dimensionalstructures that are classi ed as TPRs
family (SCOP:a.118.8.8)n the Structural Classi cation of Proteins (SCOP) database
version 1.59[127], from the Protein Data Bank (PDB) [129. Ead of the TPR-
cortaining domains were further divided into individual repeat units, and then
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superimposedinteractively in Swiss-PDB Viewer [13( using the rst repeat of
protein phosphatases (1A17, chain A) from Homo sapiensas a referencestruc-
ture. Structure-basedsequencealignment was generated. The sameprocedure
was applied to obtain structure-basedsequencealignmert for SEL1-like repeat
family. For the PPR family the seedalignmerts from the Pfam was used[117.

2.1.3 Prole construction

From ead alignmert, pro le wasbuilt by usingthe Ppmake program of TPRpred
suite. The repeat units with 70 % maximum sequencedertity were included in
pro le constructionto ensurethat the pro le did not include very similar repeats.
To avoid over tting and to make the pro le more generalisedPpmake takesinto
considerationthe pseuda@ourt and sequenceneighting using the Gonnet substi-
tution matrix with 17 % underlying sequencedertit y.

2.1.4 HMM Logos construction

Multiple sequencealignmerts correspnd to best pro les of TPRs, PPRs and
SEL1-like repeat families were usedto createpro le HMMs usingHMMER suite
version 2.3.2 [12§. Resultart prole HMMs were submitted to HMM Logos
websener with default options to draw HMM Logos[13]].

2.1.5 Searching for TPR-lik e hairpins
2.1.5.1 Computing average TPR unit

All the three-dimensional(3D) structures were obtained from the Protein Data
Bank (PDB) [129 which belongto the TPR-lik e superfamily (SCOP:a.118.8)in
the Structural Classi cation of Proteins (SCOP) database(version 1.65) [127].
Ead of the TPR-containing domainswere further separatedinto individual re-
peat units. The average coordinates for the TPR unit were derived from the
superposition of theserepeat units usingthe STAMP program [132.
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2.1.5.2 Searching for TPR-lik e hairpins

The coordinate les for the structures classi ed in SCOP (version 1.65) were
obtained from the PDB by excluding all the TPRs. The C atom coordinates
were extracted into a new databaseusing an in-housePerl script. Similarly, the
C atom coordinates were also extracted from the averageTPR unit coordinate
le. Subsequetty, this wasusedasa query to seart the databaseby employing
the cortact map description. The overlap of two cortact maps, as de ned by
the number of contacts between equivalencedresiduesin two proteins that are
simultaneously presen in both structures was used as a measureof similarity
betweentwo protein structures, as descrited previously by Godzik et al., [133.
The computational algorithm was implemerted in an in-houseC++ program.

2.1.6 Backtranslation

The amino acid sequencewhich corresppndsto TPR-lik e repeating units were
reverse translated into nucleotide sequenceusing an in-house Perl script. The
perl script usesthe codon usagetable of Escherichiacoli K12 available from the
Japanesecodon usagedatabase (http://www.k azusa.or.jp/cadon/) [134. The
script readin the format of table that is compatiblewith that of CodonFequency
output in the GCG WisconsinPadcage. This script also hasan option to assign
the di erent synorymous codon for the given protein sequence.

2.1.7 Mo delling

The target protein sequenceswvere aligned to designedTPR protein (1NAO).
In caseof Tom20and RPS20proteins 10M2 and 1FJGT structure also usedin
generatingtarget-template alignmerts. The re ned sequence-structuralignmert
was usedby MODELLER [135 to construct a 3D model of the target protein.
Model building beganby extracting distanceand dihedral anglerestraints on the
target sequencdrom its alignmert with the template structure. Thesetemplate-
derived restraints were combined with most of the CHARMM energyterms to
obtain afull objective function. Finally, this function wasoptimized by conjugate
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gradierts and moleculardynamicswith simulated annealingto construct a model
that satis ed all the spatial restraints.

2.2 Exp erimen tal procedure

2.2.1 Plasmid construction

We obtainedrestriction and DNA modifying enzymedrom New England Biolabs,
Pfu DNA polymerasefrom Finnzymes, pET-28b vector from Novagen. DNA

manipulations were performed using standard molecular techniques. The genes
encaling the proteins were producedby polymerasechain reaction (PCR) using
correspnding primers with appropriate restriction sitesat their termini to allow

ligation into an N-terminal 6 -his-taggedpET28b vector (Novagen),that is under
the cortrol of T7 promoter. All the syrthetic oligonucleotide sequencesare given
in standard 5° to 3° direction. The details of individual plasmid construction is
descrited below.

2.2.1.1 Tom20-1, Tom20-2 and Tom20-3 genes

Expressionplasmidsencaling one,two, and three repeat geneswere constructed
as follows using the primers mertioned in Table 2.1. (A) The geneencaling
the single repeat (Tom20-1)was ampli ed by PCR using cDNA from brain tis-
sue of Rattus norvegicus as a template with Tom20-1fr and Tom20-1-stoprv
primers. The PCR product was puri ed by agarosegel electrophoresisfollowed
by Quiaquidk column puri cation from agarosegel slices (Gel extraction Kit,

Quiagen). This product was double digestedwith Ndel/Xhol and following pu-
ri cation with Quiaquidk puri cation columns (Quiagen) the DNA was ligated
to Ndel/Xhol-digested pET28b vector (Invitrogen). Thereby Tom20-1encal-
ing genewas clonedin frame with the 6 -His tags of the vector plasmid. (B)

A portion of the gene(one of two repeats) encaling two repeat (Tom20-2) was
amplied by PCR using pET28b-cortaining Tom20-1geneas a template with

Tom20-1-capfr and Tom20-1-stoprv primers. The other portion of the gene
(two of two repeats) was produced by PCR with Tom20-2fr and Tom20-2rv
overlapping primers. Finally, the full geneencaling Tom20-2genewas produced
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by an additional PCR reaction with Tom20-2fr and Tom20-1-stoprv primers
correspnding to the genetermini, and by using the previous two independen
PCR reaction products astemplates. The genewas clonedinto pET28b vector as
explainedin the previousstep. (C) A portion of the gene(two of three repeats)
encaling three repeat (Tom20-3)wasampli ed by PCR using pET28b-cortaining
Tom20-2geneas a template with Tom20-2-capfr and Tom20-1-stoprv primers.
The other portion of the gene(three of three repeats) was producedby PCR with
Tom20-3fr and Tom20-3rv overlapping primers. Finally, the full geneencaling
Tom20-2genewas producedby an additional PCR reaction with Tom20-3fr and
Tom20-1-stoprv primers correspnding to the genetermini, and by using the
previous two independert PCR reaction products as templates. The genewas
clonedinto pET28b vector as explainedbefore.

Table 2.1: Synthetic oligon ucleotides used in the
construction of Tom20-1, Tom20-2, and Tom20-3
genes. All the syrnthetic oligonucleotide sequencesre
given in standard 5°to 3° direction.

Name Sequence
Tom20-1fr GGAATTCCATATGGGCARCBBEAGABTABGCTGGE
Tom20-1-stoprv | CCGCTCGAGTCATTCCACETEATC
Tom20-1-capfr | CGCGATTGCGGTGGATACIAILASAGCPACSCTEGTH

Tom20-2fr GGAATTCCATATGGGCARCAGGABAATTOGCEGGCEAL
AACTGCTGGCGCAGGGGGATTAT
Tom20-2rv GTTGTTCGGATCCACCGCBAEGHBAGAGATCAGCCITTT

CATAATCGCCCTGCGCCAGCAG
Tom20-2-capfr | CGAATGCCATCGCCGTTANATTIAI CTGGABAARTCACT

GG

Tom20-3fr GGAATTCCATATGGGTAATTGERGABTCBATGGGIAG
AGTTGTTGGCCCAAGGTGACTAC

Tom20-3rv ATTATTTGGGTCAACGGCBATGEEAGGGTAABCCTTa
CGTAGTCACCTTGGGCCAAC

2.2.1.2 RPS20-1, RPS20-2 and RPS20-3 genes

Expressionplasmidsencaling one, two, and three repeat geneswere constructed
as follows using the primers mertioned in Table 2.2. (A) The geneencaling the
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singlerepeat (RPS20-1)was ampli ed by PCR using genomicDNA from Ther-
mus thermophilus as a template with RPS20-1fr and RPS20-1-stoprv primers
(Table 2.2). The PCR product was puri ed by agarosegel electrophoresisfol-
lowed by Quiaquidk column puri cation from agarosegel slices(Gel extraction
kit, Quiagen). This product wasdoubledigestedwith Ndel/Hindl Il and following
puri cation with Quiaquidk puri cation columns(Quiagen)the DNA wasligated
to Ndel/Hindl I1-digested pET28b vector (Invitrogen). Thereby RPS20-1lencal-
ing genewas clonedin frame with the 6 -His tags of the vector plasmid. (B)

A portion of the gene(one of two repeats) encaling two repeat (RPS20-2) was
amplied by PCR using pET28b-cortaining RPS20-1geneas a template with

RPS20-1-capfr and RPS20-1-stoprv primers. The other portion of the gene
(two of two repeats) was produced by PCR with RPS20-2fr and RPS20-2rv

overlapping primers. Finally, the full geneencaling RPS20-2genewas produced
by an additional PCR reaction with RPS20-2fr and RPS20-1-stoprv primers
correspnding to the genetermini, and by using the previous two independen

PCR reaction products astemplates. The genewas clonedinto pET28b vector as
explainedin the previousstep. (C) A portion of the gene(two of three repeats)
encaling three repeat (RPS20-3)wasampli ed by PCR using pET28b-cortaining

RPS20-2geneas a template with RPS20-2-capfr and RPS20-1-stoprv primers.
The other portion of the gene(three of three repeats) was producedby PCR with

RPS20-3fr and RPS20-3rv overlapping primers. Finally, the full geneencaling
RPS20-2genewas producedby an additional PCR reaction with RPS20-3fr and
RPS20-1-stoprv primers correspnding to the genetermini, and by using the
previous two independert PCR reaction products as templates. The genewas
clonedinto pET28b vector as explainedearlier.

Table 2.2: Synthetic oligon ucleotides used in the
construction of RPS20-1, RPS20-2, and RPS20-3
genes. All the syrnthetic oligonucleotide sequencesre
given in standard 5°to 3° direction.

Name Sequence
RPS20-1fr GGAATTCCATATGGGCARCAGRBCTAGCAGABGCC
RPS20-stoprv CCCAAGCTTTTAGGCGCTGAGCC
Continued on next page
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Table 2.2 { contin ued from previous page

Name Sequence
RPS20-1-capr | GGCCGAGTCGTTGGACRCATNMGECCTCECABAAGCC
RPS20-2fr GGAATTCCATATGGGTAATABARGIGCGAGAGGCATE@
AATTGGCCCAAGAGGGTBAGGCC
RPS20-2rv CTTATTTGGGTCCAACGRACTBGGATATCTCASGGCICT

CGGCCTTACCCTCTTGGBEEAAT
RPS20-2-capir | GGCAGAATCCTTAGACCRTABEABCGTGTGABAAGCC

RPS20-3fr GGAATTCCATATGGGGARTAGABTTA CCAGAGGCATTC
AGTTAGCACAGGAAGGGAAGGCA
RPS20-3rv GTTGTTAGGGTCTAAGGEBTTCOGRATATCTTAAGCTCT

CTGCCTTCCCTTCCTGTGBGTAAC

2.2.1.3 PLC-1, PLC-2 and PLC-3 genes

Expressionplasmidsencaling one, two, and three repeat geneswere constructed
as follows using the primers mertioned in Table 2.3. (A) The geneencaling the
single repeat (PLC-1) was producedby PCR with PLC-1 fr, PLC-1.rv, PLC-1-
stop_fr and PLC-1-stop_rv overlapping primers, followed by an additional PCR

reaction with PLC-1_fr and PLC-1-stop.rv primers correspnding to the gene
termini by using a previous PCR reaction product as a template. The genewas
clonedinto pET28b vector asexplainedpreviously with Ndel/HindlI |1 restriction

sites. (B) A portion of the gene(one of two repeats) encaling two repeat (PLC-2)

was ampli ed by PCR using pET28b-cortaining PLC-1 geneas a template with

PLC-1-capfr and PLC-1-stop.rv primers. The other portion of the gene(two of
two repeats) was produced by PCR using PLC-2_fr and PLC-2_rv overlapping
primers. Finally, the full geneencaling PLC-2 genewas produced by an ad-
ditional PCR reaction with PLC-2_fr and PLC-1-stop.rv primers correspnding
to the genetermini, and by using the previous two independen PCR reaction
products as templates. The genewas cloned into pET28b vector as explained
in the previous step. (C) A portion of the gene(two of three repeats) encal-
ing three repeat (PLC-3) wasampli ed by PCR using pET28b-cortaining PLC-2
geneas a template with PLC-2-capfr and PLC-1-stop.rv primers. The other
portion of the gene(three of three repeats) was producedby PCR with PLC-3_fr

and PLC-3_rv overlapping primers. Finally, the full geneencaling PLC-3 gene
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was produced by an additional PCR reaction with PLC-3_fr and PLC-1-stop_rv
primers correspnding to the genetermini, and by using the previoustwo inde-
pendert PCR reaction products astemplates. The genewasclonedinto pET28b
vector as explainedbefore.

Table 2.3: Synthetic oligon ucleotides used in the
construction of PLC-1, PLC-2, and PLC-3 genes.
All the synthetic oligonucleotide sequencesre given in
standard 5°to 3%irection.

PLC-1-stop.fr
PLC-1-stop.rv
PLC-1-capfr
PLC-2.fr
PLC-2_rv
PLC-2-capfr
PLC-3.fr

PLC-3_rv

Name Sequence
PLC-1_fr GGAATTCCATATGGGCARGEGASATTACCCGGOEGAGGA
ACGAATGGGAAAAAGGC
PLC-1.rv GTTGTTCGGATCATAATE@CAGTEMAAACBGGCTGCITTT

CATAGTTGCCTTTTTCCOATTGG
GATGCATTATGATCCGARGAACGRALAGACALCTGGA
ACGC

CCCAAGCTTTTAGCCCTGTTIGCH @CCAGTE
GCCATGCACTACGACCCRARGBLAATTACGOG
GGAATTCCATATGGGTAATTGASETACGCGCTGGAUGA
ATGAGTGGGAGAAGGGTAATTAC
ATTATTTGGGTCGTAGTGIABGGSAGACBCGEGCO O
CGTAATTACCCTTCTCCCAC
GGGCAGGCAATGCACTALBELOCGT GGTAGTTBCGCCT
GGCCCG
GAATTCCATATGGGGAACTGESGTCATGATTACAGGA
CGAATGGGAAAAGGGGAACTACG
GTTGTTAGGGTCGTAGTGCRAGTGRAGACBAGTGCTTTT
CGTAGTTCCCCTTTTCCCATTCG

2.2.1.4 HSC-1, HSC-2 and HSC-3 genes

Expressionplasmidsencaling one, two, and three repeat geneswere constructed
as follows using the primers mertioned in Table 2.4. (A) The geneencaling the
single repeat (HSC-1) was produced by PCR with HSC-1fr, HSC-1rv, HSC-1-
stop_fr and HSC-1-stoprv overlapping primers, followed by an additional PCR
reaction with HSC-1fr and HSC-1-stoprv primers correspnding to the gene
termini by using a previous PCR reaction product as a template. The genewas
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clonedinto pET28b vector asexplainedpreviously with Ndel/Hindl 11 restriction
sites. (B) A portion of the gene(one of two repeats) encaling two repeat (HSC-2)
was ampli ed by PCR using pET28b-cortaining HSC-1 geneas a template with
HSC-1-capfr and HSC-1-stoprv primers. The other portion of the gene(two of
two repeats) was produced by PCR using HSC-2fr and HSC-2rv overlapping
primers. Finally, the full geneencaling HSC-2 genewas produced by an ad-
ditional PCR reaction with HSC-2fr and HSC-1-stoprv primers correspnding
to the genetermini, and by using the previous two independen PCR reaction
products as templates. The genewas clonedinto pET28b vector as explained
in the previous step. (C) A portion of the gene(two of three repeats) encal-
ing three repeat (HSC-3) wasampli ed by PCR using pET28b-cortaining HSC-2
geneas a template with HSC-2-capfr and HSC-1-stoprv primers. The other
portion of the gene(three of three repeats) was producedby PCR with HSC-3fr
and HSC-3rv overlapping primers. Finally, the full geneencaling HSC-3 gene
was produced by an additional PCR reaction with HSC-3fr and HSC-1-stoprv
primers correspnding to the genetermini, and by using the previoustwo inde-
pendert PCR reaction products astemplates. The genewasclonedinto pET28b
vector as explainedbefore.

Table 2.4: Synthetic oligon ucleotides used in the
construction of HSC-1, HSC-2, and HSC-3 genes.
All the synthetic oligonucleotide sequencesre given in
standard 5°to 3° direction.

Name Sequence
HSC-1fr GGAATTCCATATGGGCARUMSAZCGABGCAGCEATGTEG
AGCAGCTGGATGAACAGCAGTGG
HSC-1rv GTTGTTCGGGTCCAGAAATGIBUAMCGTATCGOGCHGT

CCCACTGCTGTTCATCCAGCTGC
HSC-1-stopfr CTGCGCTTTCTGGACCCGABGAAGGAACBAABACC
HSC-1-stoprv CCGCTCGAGTCAGCCCTENMUGTEH CCCAGTGTTTGT

TCGC
HSC-1-capfr GCGTTTCTTGGACCCAAARTAARECGBGCAGCEATGTG
HSC-2fr GGAATTCCATATGGGTAATABAREGGTCGRATGATGTT

AACAATTGGACGAGCAAGAATGG
Continued on next page
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Table 2.4 { contin ued from previous page
Name Sequence
HSC-2rv GGTTTTAATATTATTTGGESIARRGAACTAGAACGTECE)
CGGCTTGCTCCCATTGTTGCTCG
HSC-2-capfr CGGTTCTTAGACCCTAACAABATGGTCGCATTBTGG

HSC-3fr GGAATTCCATATGGGGARTAGBABTGECCAGTAATGTC
AGCAGTTAGACGAACAGEGABTI GG
HSC-3rv CGTCTTGATGTTGTTAGAGRBTSAACTCGGAGTECT

CTGCCTGTTCCCACTGCTGTTCG

2.2.15 BGA-1, BGA-2 and BGA-3 genes

Expressionplasmidsencaling one, two, and three repeat geneswere constructed
as follows using the primers mertioned in Table 2.4. (A) The geneencaling the
singlerepeat (BGA-1) wasproducedby PCR with BGA-1_fr, BGA-1_rv, BGA-1-
stop_fr and BGA-1-stop_rv overlapping primers, followed by an additional PCR
reaction with BGA-1_fr and BGA-1-stop_rv primers correspnding to the gene
termini by using a previous PCR reaction product as a template. The genewas
clonedinto pET28b vector asexplainedpreviously with Ndel/HindI 11 restriction
sites. (B) A portion of the gene(one of two repeats) encaling two repeat (BGA-2)
was ampli ed by PCR using pET28b-cortaining BGA-1 geneas a template with
BGA-1-cap.fr and BGA-1-stop_rv primers. The other portion of the gene(two of
two repeats) was produced by PCR using BGA-2_fr and BGA-2_rv overlapping
primers. Finally, the full geneencaling BGA-2 genewas produced by an addi-
tional PCR reaction with BGA-2_fr and BGA-1-stop_rv primers correspnding
to the genetermini, and by using the previous two independert PCR reaction
products as templates. The genewas cloned into pET28b vector as explained
in the previousstep. (C) A portion of the gene(two of three repeats) encaling
three repeat (BGA-3) was amplied by PCR using pET28b-cortaining BGA-2
geneas a template with BGA-2-cap.fr and BGA-1-stop_rv primers. The other
portion of the gene(three of three repeats) was producedby PCR with BGA-3_fr
and BGA-3_rv overlapping primers. Finally, the full geneencaling BGA-3 gene
was producedby an additional PCR reaction with BGA-3_fr and BGA-1-stop_rv
primers correspnding to the genetermini, and by using the previoustwo inde-
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pendert PCR reaction products astemplates. The genewas clonedinto pET28b
vector as explainedbefore.

Table 2.5: Synthetic oligon ucleotides used in the
construction of BGA-1, BGA-2, and BGA-3
genes. All the syrnthetic oligonucleotide sequencesre
given in standard 5°to 3° direction.

Name Sequence
BGA-1._fr GGAATTCCATATGGGCABCAGGATTGATBTGGEGCAAG
CGTTTATTGCGGCGGGCGATGTG
BGA-1.rv GCTTCCGCGTTGTTCGGETWRACGBARATCAGGTGGGT

CGCGCTATCCACATCGOCCGCCG

BGA-1-stop_fr GACCCGAACAACGCGGMIABBABACTGGGAAGCG
BGA-1-stoprv | CCGCTCGAGTCAGCCCTENMUGTEH @CCAGTE
BGA-1-cap.fr GCCAAGTTGACCCAAATESTNECGTACAT

BGA-2_fr GGAATTCCATATGGGTARGLIGATTAACBCGTIGCRATS
CCTTCATCGCCGCCGG
BGA-2.rv GCTATTATTTGGGTCAAGCABIATGCAACBACKTTGCG

AGTCAACGTCACCGGCERAMGATG
BGA-2-cap.fr GCAAAGGTCGACCCTAAGBAGACTGACCABGTEC

BGA-3_fr GGAATTCCATATGGGGABCTGGALTAACBCGTGCMAAG
CATTCATTGCAGCAGGGG
BGA-3.rv CGAGTTGTTAGGGTCGACTABR TGGCRAGASCCGTTEGCG

AGTCGACGTCCCCTGCTEIARG G

2.2.2 Transformation

E. coli TOP10 cellswere grown in Luria Bertani (LB) medium to the early ex-
ponenial phase(Agyp 0.35-0.37), and then pelleted by certrifugation at 1000

g for 10 min at 4 C. After that resusgndedat one-terth of their original
volume in ice-cold sterial CaCl, solution, and incubated for 2 hoursat 4 C. A
50 | aliquot of cellsweretransferredinto a cold polypropylenetube, mixed with
eadt of the ligation reaction mixture, and incubated for 30 minute on ice. Next,
the cells were heat-shaked for exactly 45 secondsn the 42 C water bath, and
were quickly placedon ice for 2 minutes. The 250 | of pre-warmed (37 C) LB
medium was addedto ead vial, and the cellswere grown at 37 C with shaking
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(225 rpm) for 1 hour to allow expressionof the artibiotic-resistance gene. Trans-
formants were selectedby plating cells on LB agar plates cortaining 50 g/ml
kanamycin, after incubation of the platesat 37 C for 18-20hours.

2.2.3 Plasmid DNA extraction

Liquid cultures of kanamycin-resistan bacteria were preparedby innoculating 4
ml aliquots of LB medium with either singlebacterial coloniesor frozenbacterial
glycerol stocks. Plasmid DNA was extracted from saturated overnight cultures
using a column-basedextraction systemaccordingto the manufacturer's instruc-
tions (Mini prep, Quiagen) and the nal DNA pellets were dissohed in 50 | of
Millip ore ltered, glassdistilled water. Yields of DNA was calculated basedon
optical density measuremets of dilutions madefrom the stocks. The optical den-
sity was measuredat both 260nmand 280nmwhich is later usedto assesPNA
purity aswell as concetration. Glycerol stocks were preparedfor ead plasmid
producedaccordingto standard methods.

2.2.4 DNA sequencing

Sequencingeactionswere performedon an Applied Biosystem DNA Sequencer
by the dideaxy chain termination method. Taq sequencingvas performedat the
central sequencingserviceof the Max-Plandk Institute for developmeral biology,
using T7 promotor or T7 terminator primer. The following temperature cycling
parameterswere usedto perform the reactionswith the ABI Prism \Big Dye"
Terminator Cycle sequencingkit: 96 C/20 seconds,50 C/10 secondsand 60
C/4 minutes for 30 cycles.

2.2.5 Protein pro duction

All the fteen constructsin pET28b vector weretransformedinto Escherichiacoli
expressionhost BL21-Gold (DE3) (Stratagene) strain. Constructs were tested
for expressionin a small volume (5 ml) prior to expressionon large scalein LB
medium. Cultures were grown in LB media at 37 C with constart agitation
(270 rpm). After approximately 2 hr (Agpe 0.6), expressionwas induced by
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addingisopropyl -D-thiogalactopyranoside(IPTG) to a nal concetration of 1
mM. Cultures were grown for an additional 4 hr, and the cellswere harvestedby
cerrifugation (15 min, 2,500 g, 5 C). Finally, the pellets were stored at -80
C for later puri cation.

2.2.6 Protein concentration determination

Protein concelttration was determined using three di erent methods. For most
of the pure protein samples,ultraviolet absorption of the proteins at 280 nm
was used. Extinction coe cients for proteins was calculated using ProtParam
software (http://www.expasy.ch/tools  /pro tpar am.html) and protein concen-
tration was calculated from the measuredabsorbanceat 280 nm.

Using 1 mg/ml trypsin stock solution 0, 0.2, 0.4, 0.6, 0.8, and 1 mg/ml con-
certrations were taken in separatecuvettes. Similarly eat samplewas taken in
triplicate. The volume of eat cuvette was madeupto 50 | using correspnding
bu er. 1 ml of a freshly preparedBCA solution (solution A : solution B = 50:1)
wasaddedto ead cuvette and then incubatedfor 30 min at 37 C. Subsequetly,
the protein cortent wasmeasuredoy the absorbanceat 562nm, wherethe protein
conceltration was determinedfrom the standard curve equation.

To follow the puri cation of the proteins, the modi ed Bradford assy called
drop assy wasused. The 10 | of fractions weremixed with 30 | of the Bradford
reagern in a drop on a cleanstripe of paralm. Steady blue color was used as
a sign for the protein presencen the tested fractions, which were then further
analyzedby tricine-urea-SDS-RAGE.

2.2.7 Tricine-urea-SDS-P AGE

Tricine-urea-SDS-RAGE was performed using 15 % gels (8 x 10 x 0.75cm) ac-
cording to Von Jagow et al. [136 method. Gels were preparedby following the
standard protocol. Sampleswere mixed with 4 SDS samplebu er and boiled
at 95 C for 5 min beforeloading onto the gel. The low molecularweight marker
kit from GE-Healthcarewas usedto estimate the protein molecularweight. The
protein namesand molecularweights are tabulated in Table 2.6. Electrophoresis
wasperformedusingelectrophoresidu er at a constart current of 23 mA per gel.
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Table2.6: Molecular weight mark er proteins. The list of standard molecular
weight marker proteins and their sizesusedin the tricine-urea-SDS-FAGE.

Protein Mol. Wt. (kDa)
Phosphorylaseb 97
Albumin 66
Ovalbumin 45

Carbonic anhydrase | 30
Trypsin inhibitor 20.1
-lactalbumin 14.4

The gelswerethen incubatedin xativ e solution for 5-10min on a shaler, stained
with Coomassiestaining solution for 15min and destaineduntil the protein bands
becameclearly visible. The gelsare photographedfor documenation.

2.2.8 Protein puri cation

Frozencell pelletswerethawed and resusgndedin 20-30ml of ice-coldlysis bu er
(30 MM NaH,P0QO4.2H,0, 50 mM NacCl, 2 mM MgCl,, a pinch of DNAse I, pH
7.2) and ruptured using a French press. The soluble fraction or inclusion bodies
were separatedby certrifugation (30 min, 15,000 g,5 C). The solubleproteins
werepuri ed under native conditions, whereasinsoluble oneswere puri ed under
denaturing conditions.

2.2.8.1 Tom20-1, Tom20-2 and Tom20-3 proteins

The following steps for puri cation were identical for Tom20-1, Tom20-2 and
Tom20-3proteins. According to manufacturer's instructions, the solublefraction
of the lysate was loaded onto a column of Ni Sepharoses Fast Flow (10ml, GE
Healthcare). The fractions cortaining Tom20-1/2/3 proteins were combined, and
loaded onto a secondSuperdex G-75 26/60 gel-sizeexclusion chromatography
column (GE Healthcare) and eluted with Phosphate-bu eredsaline (PBS).
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2.2.8.2 RPS20-1, RPS20-2 and RPS20-3 proteins

The following steps for puri cation were identical for RPS20-1, RPS20-2and
RPS20-3proteins. The supernatart (20-30ml) was loadedonto a column (10 by
26 cm) of Hi Load 26/10 SP SepharoseHigh Performance(GE Healthcare) equi-
librated with washbu er (30 mM NaH,PQO,4.2H,0, 50 mM NaCl, pH 8.5). The
columnwaseluted with alinear gradiert of 0to 1.0 M NaCl in the elution bu er
(30 mM NaH,P0O,4.2H,0, 1.0 M NaCl, pH 8.5). According to manufacturer's
instructions, the fractions cortaining RPS20-1/2/3 proteins were conbined, and
loaded onto a secondcolumn of Ni Sepharoses Fast Flow (10ml, GE Health-
care). Finally, proteins were puri ed using Superdex G-75 26/60 gel-sizeexclu-
sion chromatograply column (GE Healthcare) by eluting with elution bu er(30
mM NaH,P0O,.2H,0, 50 mM NaCl, pH 7.2).

2.2.8.3 BGA-1, BGA-2 and BGA-3 proteins

The following stepsfor puri cation wereidentical for BGA-1, BGA-2 and BGA-3
proteins. According to manufacturer's instructions, the soluble fraction of the
lysate was loadedonto a column of Ni Sepharoses Fast Flow (10ml, GE Health-
care). The fractions corntaining Tom20-1/2/3 proteinswere conbined, and loaded
onto a secondSuperdex G-75 26/60 gel-sizeexclusion chromatography column
(GE Healthcare) and eluted with Phosphate-bu eredsaline (PBS).

2.2.8.4 Purication under denaturing conditions and refolding

The following stepsfor puri cation and refolding wereidentical for PLC-1, PLC-
2, PLC-3, HSC-1, HSC-2 and HSC-3 proteins. Inclusion bodies recovered from
cell lysate by certrifugation were washedtwo times with wash buer (0.1 M
Tris/HCI, 2 M urea,5 mM EDTA, 5 % triton X-100, pH 7.0). Clari ed inclusion
bodies were solubilized in 8 M urea, and insoluble material was removed by
cerrifugation. Solubilized inclusion bodies were puri ed using His Tag-nidel
a nit y chromatography. The pure proteins were refolded by dialyzing against
refolding bu er (30 mM NaH,PO4.2H,0, 50 MM NaCl, pH 5.5).
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2.2.9 Circular Dichorism (CD)

CD data were collectedon a JascoJ-810 spectropolarimeter. Five far-UV scans
wereaveraged,and the bu er baseline wassubtractedfrom all spectraregistered.
Experimerts were carried out at 22 C in a 1 mm pathlength cuwette, at vari-

ous protein concettrations. Where indicated, 2,2,2-tri uoro ethanol (TFE) was
added. Temperature-inducedprotein denaturation was followed by the changein

ellipticity at 222 nm in a 10 mm pathlength cuvette. Temperature was varied
using a peltier device.

2.2.10 Fluorescence spectroscopy

Fluorescencespectra of tryptophan (Trp) were measuredwith a JascoFP-6500
spectrometer, with both emissionand excitation band width setat 3 nm. The
excitation wavelengthwas setat 293 nm, and the tryptophan emissionwas mon-
itored between 300-400nm. Five scanswere averagedand the bu er baseline
was substractedfrom all spectra registered. The experimerts were carried out at
roomtemperature and in quartz cuvetteswith 1 cm pathlength. Whereindicated,
TFE was added.

2.2.11 Chap erone Assays

Chaperoneactivity of Tom20-1/2/3 proteins was tested in heat-inducedprotein
aggregationassgs, with porcine citrate syrnthase (Sigma) asa substrate. Citrate
synthase (0.3 M) wasmixed with the respective Tom20-1/2/3 protein in v efold
excesgnolar ratios in assy bu er (30 mM Hepes,pH 7.3,5 mM MgCI2, and 100
mM KCI). Thermal aggregationwasmonitoredat 45 C asincreasen attenuance
at 340 nm in a Perkin-Elmer Lambda 25 UV/VIS Spectrometer equipped with
a thermostatted cuvette holder. All results were normalizedrelative to the heat-
induced denatured citrate syrthase subject to the sameconditions.
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Chapter 3

Results

3.1 Bioinformatics analysis

3.1.1 Structure-based sequence alignmen t

The structure of eadch TPR unit is virtually identical; rst repeat of protein
phosphataseb (1A17, chain A) superimposeswith all other 33 individual repeats
with a 2.6 A maximum root meansquaredeviation (RMSD) ascomputedfrom the
Swiss-PDBViewer. Figure 3.1A shows the structure-basedsequencelignmert,
and reveals a high degreeof sequencediversity within the repeats. Although
there is no position characterisedby an invariant residue,a consensusequence
pattern of aromatic and hydrophobic residueshas beenobsened. Hydrophobic
residuesare commonly obsened at positions 1, 12, 20, 21, 27 and 28, while
glycine and proline frequerily occupiespositions 8 and 32 respectively within the
repeat. Aromatic residuedike tyrosine,tryptophan or pherylalanine are frequen
at position 17.

The repeating units of the TPR superimposeclosely (lessthan 3 A RMSD)
with equivalent repeats of SEL1-like repeats with the insertion of four residues
in the loop region that connectsthe two helicesof the repeat as illustrated in
Figure 3.1. Figure 3.1B shaws the structure-basedsequencealignmert of SEL1-
like repeats, and revealsthat 11 out of 36 residuesare consened in almost all
repeats. Glycine residuesat positions 2, 7 and 13, cysteineresiduesat positions
3 and 31, leucineresiduesat positions 6 and 33, alanine residuesat positions 23
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and 30 and lysine residuesat positions 18 and 29 are generallyconsered. Unlike
TPR repeating units, SEL1-like repeats are held together by disul de bridges
between highly consered cysteine pairs at position 3 and 31. TPR-containing
proteins and SEL1-like repeat proteins sharecommonstructural and functional
properties, despitetheir lack of sequencesimilarities.

The philosopty behind TPRpred is to construct a seedalignmert for eah
family of repeats from a represetative non-redundarn set of domain sequences
trusted to belongto the family. Therefore, the structural alignmerts shown in
Figure 3.1 wereusedas a seedalignmert for TPR and SEL1-like repeat families.
From ead of the seedalignmerts the pro le was built, which was subsequetly
usedto generateseriesof pro les.

3.1.2 Prole generation and selection

The selectivity of sequencepro les depends on the number of closehomologs,
whereasthe sensitivity dependson the number of remote homologsusedin con-
structing the pro les. Relaxingthe threshold value to include remote homologs
often resultsin falsepositives. To optimize the trade-o betweenremotehomologs
and false positives, we have constructed a seriesof TPR pro les. Thesepro les
were generatedby iterative searties against the non-redundan (NR) database
at NCBI (www.ncbi.nlm.nih.gov), ltered to a 70 % maximum sequenceadentit y
(NR-70) by CD-HIT [138 139. Prior to the searties we broadly removed ho-
mologsof MalT [G1:16131294]which we intendedto useas a test set, from the
NR-70 databaseusing three iterations of PSI-BLAST [52] at an E-value cuto of
1.

Homologsof MalT cortain divergen TPR units and therefore represen a
challengingtest set. Theseproteins belongto the STAND family of ATPaseq 140,
141, which themsehes are part of the AAA+ superfamily [143. We extracted
these sequencegsonsenratively with PSI-BLAST (two iterations, E-value cuto
of 10'4) from NR-70, usingthe certral domain of MalT [GI:17942835phsa query
sequence. Using the de ning characteristic of STAND proteins, namely an N-
terminal P-loop NTPasedomain, as a criterion we selected56 proteins for the
test set.
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A

1al7_1/1-34 AEELKTQANAIFKAKDIENAIKFISQAIELNPSN
lal7_2/1-34 AIF¥GNRSLANLRTECYGYALGDATRAIELDKKY
lal7_3/1-34 IKGY¥¥RRAASNMALGKFRAALRDYETVVKVKPHD
1e96_1b/1-34 SRICENIGCMETILKNMTEAEKAETREINRDKHL
1e96_2b/1-34 AVA!iQRGML QTEK¥DLATIKDLKEALIQLREGN
1e96_3b/1-34 CEVLYNIAFMYAKKEEWKKAEEQLALATSMKSER
lelr_la/1-34 ALKEKELGNDA¥KKKDEDTALKH¥DKAKELDPTN
lelr_2a/1-34 ME!E.NQAA FEKGDINKCRELCEKAIEVGREN
lelr_3a/1-34 AKAYARIGNSYFKEEKNKDATHF¥YNKSLAEHRTE
lelw_la/1-34 VNELKEKGNKALSVGNIDDALQCYSEAIKIDPHN
lelw_2a/1-34 lVé.NRSAAIAKKGDIQKAIEDGCKIVDLKPDW
lelw_3a/1-34 GKGYSRKAAALEFLNRFEEAKRTY¥EEGLKHEANN
1fch_la/1-34 HPQPEEEGLRREQEGDLPNAVLLEEAAVQQDPKH
1fch_2a/1-34 MEAWQYLGTTQAENEQELLAISALRRCLELKPDN
1fch_3a/1-34 QTALMALAVSFENESLORQACEILRDWLRYTPAY
1fch_4a/1-34 PDVQCELEVLENLSGEFDKAVDCETAALSVRPND
1fch_5a/1-34 ¥LLWNKLGATLANGNQSEEAVAA¥RRALELQPGY
1fch_6a/1-34 IRSRENLGISCINLEAHREAVEHFLEALNMQRKS
1hxi_la/1-34 EEAWRSLGLTQAENEKDGLATIALNHARMLDPKD
1ihg la/1-34 BEDLKNIGNTFFKSQNWEMAIKKMTKVLRYVEGS
1ihg 2a/1-34 LSEVINIGACKLKMSDWQGAVDSCLEALEIDPSN
1ihg 3a/1-34 lKALlRRAQGWQGLKE DQALADLKKAQEIAPED
1iyg_la/1-34 RDNV FYLAVG RLKENEKALKYVRGLLOEEPQN
1kt0_la/1-34 AAIVKEKGT FKGGK QAVIQNGKIVSWLEME
1kt0_2a/1-34 LAAFLNLAMCYLKLRENTKAVECCDKALGLDSAN
1kt0_3a/1-34 EKGLY¥RREGEAQLLMNEFESAKGDEEKVLEVNAAR
1ktl_la/1-34 BAIVKEKGTVEEFKGEK VQAVIQIGKIVSWLEME
1ktl_2a/1-34 LAAFLNLAM LKLRE TKAVECCDKALGLDSAN
1ktl1_3a/1-34 EKGLYRREGEAQLLMNEEFESAKGDEEKVLEVNPON
1gge_la/1-34 ADLCVQAATINRLRKELNLAGDSFELKAADYQKKA
1gge_2a/1-34 GNEYVEAYKCEKSGENSVNAVDSLENATIQIFTHR
lgge_4a/1-34 NKCEFIKCADLKALDGQNIEASDINMSKLIKSSMEN
1gge_5a/1-34 ESNFLKSLIDAVNEGDSEQLSEHCKEEDNEMRLD

Consensus

AKAL+NLGAAYLKLGEYEKAVEDYEKALELDPKN

hepe_7a/1-36 GGCENLGAMOYNGEGVT|

Consensus

+GCFNLGNLYY+GKGVTKNLKKAL+YYSKACDLND+

Figure 3.1: Structure-based sequence alignmen ts. (A) Structural alignmen
of 33 individual TPR units from the 11 TPR-containing structures. (B) Struc-
tural alignmert of 8 individual SEL1-like repeat units from 2 SEL1-like repeat-
containing structures. The lower panel of ead alignmert shows the consensus
histogram. The gure was preparedusing JalView [137].
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B

lal7_1/1-30 EELKTQANDMEKA- - - -
lal7_2/1-30 1
lal7_3/1-30 K
1kl1x_1/1-34 NGCRFEGDE¥ENGKYW
1klx_2/1-34 DGCLILGYKQWAGKE

hepe_2/1-34 SGCENLGVENYQGQGVE

hcpc_3/1-34 NGCHLLGNL

hcpe_4/1-34 EGCASLGGIYHDGKVVT

hcpe_5/1-34 DGCETLGSLYDAGRGED

hcpc_6/1-34 PGCENAG

hepe_7/1 - 34 GGCENLGAMOYNGEGVTRNERQATENFKRGCKLG

Consensus

+GCFNLGNLYYAGKGVTKN+KKAL+YYSKACDLN

Figure 3.2: Structure-based sequence alignments of TPRs and SEL1-
lik e repeats. (A) Superposition of TPRs and SEL1-like repeats. TPRs are
shown in greenwhereaseSEL1-like repeatsare shavn in red color. (B) Structure-
basedsequencelignmen displayed using JalView [137]. The lower panel of an
alignmert shows the consensushistogram.
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We derived two further test setsfrom proteins of known structure; using the
domain sequencesf the SCOP databaseversion1.69 Itered to a 70 % maximum
sequencadertit y, available at ASTRAL [143. The domain sequencesvhich are
classi ed under TPR family [SCOP:a.118.8.14nd mitochondrial import receptor
Tom20 family [SCOP:a.23.4.1]126§ were excludedto generatea true negative
set of 9518 domain sequences.In order to make this set more conserative, we
submitted the 13 TPR structures from SCOP (a.118.8.1and a.23.4.1), along
with MalT and 5 new TPR domainsthat were not included in the latest SCOP
databaseversion1.69,to the DALI structure comparisonsener [66], and excluded
all structures with Z scores 5 from the true negative set (Table 3.1). The 19
TPR-containing structures submitted to the DALI sener constitute our the true
positive set (TPR structure set).

We performediterativ e seartiesto cornvergenceon NR-70 minus STAND pro-
teins with variousthreshold parameters(whole-protein E-value, and single-repeat
P-value). The initial searbieswere seededwith a manually prepared structure-
basedsequencealignmert of known TPR protein structures (Figure 3.1A). We
tested the resulting pro les on the STAND family, TPR family, and the true
negative set. The bestpro le is selectedbasedon its performanceon the STAND
family, asillustrated in Figure 3.3.

Further, we built the PPR and the SEL1-like pro les by using the samepro-
cedureand cuto value asfor the TPR pro le.

Table 3.1: Structural neighbours of TPRs. Structural
neighbours of known TPRs accordingto the DALI structure
comparison sener. The structures with Z scores 5 are
tabulated. The PDB codes were mapped onto the SCOP
domain database.

SCOP-ID Family Description

dlgoja_ a.2.9.1 C-terminal UvrC-binding domain of UvrB
dlcunal a.7.1.1 Spectrin alpha chain

dlowvaa a7.1.1 Spectrin alpha chain

dlglaal a.7.3.1 Fumarate reductase

Continued on next page
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Table 3.1 { contin ued from previous page

SCOP-ID Family Description

d1lhx1b_ a.7.7.1 BAG-family molecular chaperon regulator-1, BAG1
dim62a a.7.7.1 Silencerof death domains, Sodd (Bag4)

difjgt_ a.7.6.1 Ribosomalprotein S20

dlsunb_ a.7.12.1 PhoU homolog TM1734

dla32._ a.16.1.2 Ribosomalprotein S15

dimtyg_ a.23.3.1 Methane monooxygenasehydrolase, gamma subunit
d256ba a.24.3.1 Cytochrome b562

dlnzea a.24.18.1 | Oxygen-ewlving enhancerprotein 3

d2alh - a.24.10.1 | Aerobic respiration cortrol sensorprotein, ArcB
dlug7a a.24.24.1 | Domain from hypothetical 2610208m17rikprotein
dlile_1 a.27.1.1 Isoleucyl-tRNA synthetase (IleRS)

dilh3nal a.27.1.1 Leucyl-tRNA synthetase (LeuRS)

dirjla_ a.29.6.1 Invertaseinhibitor

dlbglal a.47.1.1 | STAT3b

dluural a47.1.1 STAT homologuecoiled coil domain

dloa_ a.47.21 | Ssol

dlhs7a a.47.2.1 | Vam3p N-terminal domain

dlo5ha a.191.1.1 | Hypothetical protein TM1560

dligpal a.80.1.1 Replication factor C

dilhl2a a.102.1.2 | Endo-1,4-beta-xylanase

difp3a a.102.1.3 | N-acyl-D-glucosamine2-epimerase

dilféal a.102.1.5 | Bacterial glucoanylase, C-terminal domain
dlgaza a.102.3.1 | Alginate lyaseAl-111

d2sqgcal a.102.4.2 | Squalene-hognecyclase

dlqgra a.118.1.1 | Importin beta

dlqgbkb_ a.118.1.1 | Karyopherin beta2

dleeda a.118.1.1 | Karyopherin alpha

dlgwba a.118.1.10| Adaptin alpha C subunit N-terminal fragmert
dib3ua a.118.1.2 | Constant regulatory domain of protein phosphatase2a
dluwdb_ a.118.1.14| Regulator of nonsenseranscripts 2, UPF2
dlh6kal a.118.1.14| CBP80, 80KDa nuclear cap-binding protein
dlhs6al a.118.1.7 | Leukotriene A4 hydrolase C-terminal domain
d1b89a a.118.1.3 | Clathrin heavy chain proximal leg segmen

Continued on next page
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Table 3.1 { contin ued from previous page

SCOP-ID Family Description

d1rz4a? a.118.1.18| Eukaryotic translation initiation factor 3 subunit 12
dlgsaal a.118.5.1 | 70 KDa soluble lytic transglycosylase(SLT70)
dikixa_ a.118.18.1| Cysteinerich protein B (HcpB)

dlouva_ a.118.18.1| Cysteinerich protein C (HcpC)

dldceal a.118.6.1 | Rab gerarylgeranyltransferase alpha-subunit, N-terminal
dild8a. a.118.6.1 | Protein farnesyltransferasealpha-subunit

dlvdua. a.118.20.1| Hypothetical protein ST1625

dldtoa b.91.1.1 E2 regulatory, transactivation domain

dlciy_3 f.1.3.1 delta-Endotoxin (insectocide), N-terminal domain
dli5pa3 f.1.3.1 delta-Endotoxin (insectocide), N-terminal domain

3.1.3 Analysis of the proles

In a HMM pro le, ewery position consistsof a match, insert and delete state,
whereead position is connectedto the next position's statesthrough transitions
of altering probability. HMM Logostry to provide a quick overview of the fea-
tures of a HMM pro le while conservingas much information as possible. The
height of the stad represets the information content of the distribution of the
emissionprobabilities within somestate relative to the badground distribution
givenfor the wholepro le. The relative sizeof a letter then expresse#'s emission
probability from a state's distribution asillustrated in Figure 3.4. The residues
are sorted in a descendingway depending on their probability. Apart from the
white columns,there are pink onesaswell. Thesewill mostlikely not cortain any
residues:thesearethe insert states,which normally have an emissiondistribution
very closeor equalto the badkground. Thus, the information cortent is usually
sosmall that no residuescan be seen.

HMM Logo of TPR was constructedfrom 7679individual repeat units. This
revealsthat preferenceof hydrophobicresidueleucineat position 4, 7, 11, 14, 21,
28, 30, alanine at position 8, 20, 27, glycine at position 8, 15, tyrosineat position
11, 24, and proline at position 32 asillustrated in Figure 3.4A. Analysis of the
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le-16 TPR family —%—

Average whole-protein P-value

- STAND family ===he=-=
1e-13 F True negatives -« «m.:.
le-10 |
1le-07 |
le-04 f """"""""""" L TETTTTIrY [ A . Beerenrnens PP [ ]
M 1 N 1 . )
le-10 1le-08 1le-06 le-04

Single-repeat P-value threshold

Figure 3.3: Selection of the best prole . The geometricaverageof the whole-
protein P-value for the top 10 hits in ead test setis plotted againstthe pro le's
single-reat P-value threshold. The pro le obtained for a single-regeat P-value
threshold of 104 was selectedas best.
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structure of the TPR-containing domains provides a rationale for the residue
consenation. Residuesat position 8 and 20 are located at the position of closest
cortact betweenthe A and B -helicesof a TPR unit, whereasresidue 27 on
helix B is located at the interfaceof 3 helices(A, B and A9. Proline 32is located
at the C-terminus of helix B, and the large consensus$ydrophobic residuesform
the interfacesbetweenadjacen -helices.

The PPRs are named after the characteristic 35-amino-acidmotif that con-
stitutes the repeat unit [10§. PPR-cortaining proteins are essehal for RNA
processingin orgenellesof higher eukaryotes [11(0. There is no 3D structure
available for this type of repeats. Howewer, the sequencesimilarity to the TPR-
related repeats and the predicted secondarystructure suggestthat PPR domain
would adopt an -solenoidstructure [144. HMM Logo of PPR was constructed
from 7121lindividual repeat units, which revealsthat preferenceof hydrophobic
residueleucine at position 6, 7, 10, 16, 22, 26, alanine at position 9, 11, 19, 20,
isoleucineat position 6, 7, 22, methionine at position 26, glycine at position 14,
30, tyrosine at position 3, 10, and proline at position 34 asillustrated in Figure
3.4B.

The SEL1-like repeats have 36-amino-acid -hairpin repeat units. These
repeatswere rst detectedin a receptorprotein called SEL1 of C. elegans which
is a key negative regulator of the Notch pathway. A growing body of evidences
suggeststhat the SEL1-like repeats are involved in protein-protein interactions
[109. HMM Logo of SEL1-like repeats was constructed from 1059 individual
repeat units, which reveals that preferenceof hydrophobic residue leucine at
position 5, 8, 9, alanine at position 1, 6, 22, 29, 30, glycine at position 6, 12, 14,
33, tyrosineat position 9, 25, 26, tryptophan at position 25, and aspartic acid at
position 18 as shavn in Figure 3.4C.

3.1.4 Benchmarking

We bendimarked our method and the web-serer against Pfam, SMART and
REP.

51



3.1 Bioinformatics analysis

TPR

Ez_ l‘
g |
| Y
s IR D
o 3Y "Lkl
=== gzhgigg“aEi;%éE%%&%giégggg%g

Position

PPR
—
30
g |
:
E \ =
o A
1
¢ A N | LL| | &
= <
gg %Hl—': ! W ;I E;-\
- : = = e !
= pBoa BasEsEEem o ~EE-
1 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 33
Position
SEL1-like repeats
e
-
g,
£
w
[
;Ji K
1Q ) K
S‘:r! : pB =
'T?TEL‘ = e e
EEE= ==== =
2 '3 12 13 14 15 16 17 12 19

Position

Figure 3.4: The HMM Logos visualization of the best proles . The num-
bers on X-axis in ead logo represets the state positions in the HMM. The
overall height of the letter stadks represets the information cortent, the relative
letter height correspndsto its emissionprobability. Insert statesare shavn in

pink [131].
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3.1.4.1 Comparison of TPRpred and HMMER

To demonstratethe sensitivity/selectivity of TPRpred againstHMMER (version
2.3), which is the underlying method employed by the Pfam and SMART web-
seners, we bendmarked the performanceof both thesemethods, and the results
are shawvn using the receiwer operating characteristic (ROC) plot as illustrated
in Figure 3.5. We could not bendimark against REP, becausethe stand-alone
versionis not available. The data setsfor the bendimark were obtained usingthe
sametrue positive and true negative setswhich we de ned in the pro le generation
section, but with a 25 % maximum sequencddertity. In order to enrich these
data sets with reliable homologs, two iterations of PSI-BLAST seartes were
performed for ead domain sequence.The rst iteration was performedon the
NR-90 database. The hits with an E-value 103 and 85 % coverageto
the query sequencewere extracted into a multiple alignmert, that was usedto
jump-start the seconditeration againstthe NR-70 database.The sameselection
criteria asin the rst iteration were applied in obtaining the homologsfor the
guery. The resulting enriched data setswere simultaneously Itered to a 50 %
maximum sequencedertity using CD-HIT to reducethe redundancy

Both methods were usedto perform seartesthrough the true positive and
true negative data sets, using their own TPR proles or HMMs. The ROC
plot shawvs that TPRpred detects more sequencesvith E-value better than the
rst falsepositive comparedto HMMER. Howe\er, for lower selectivity TPRpred
performanceis comparableto HMMER.

3.1.4.2 Comparison of the web-servers using STAND family members

To assesshe sensitivity of TPRpred in detectingdivergert TPR units over Pfam,
SMART, and REP, we ewaluated the performanceof the web-serers using the
STAND family test set. Additionally, we also used 53 true negative sequences
by selectingarbitrarily from the all- classof the SCOP database. The hits that
were con dently predicted accordingto the web-serers for the STAND proteins
are tabulated in Table 3.2. None of the seners detectedfalse positivesfrom the
true negative sequencegdata not shovn). This shaws that all the seners are
unbiasedto the -helical proteins which are unrelated.

TPRpred performs signi cantly better in detecting the TPR units from the
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Figure 3.5: ROC plot comparing the performance of TPRpred and HM-
MER. Sensitivity of the methods, measuredby the number of true positives
detectedat varying numbers of false positives.

Table 3.2: Comparison of the results obtained from the web-servers
using a set of 56 STAND family members. The number of STAND menbers

and individual repeats detectedare tabulated.

TPRpred | Pfam SMAR T | REP
Proteins detected (% of total) | 48 (85 %) | 24 (42 %) | 6 (10 %) | 5 (8 %)
Individual repeatsdetected 302 50 30 35
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menbers of the STAND family, although sequencesf the STAND family mem-
bers were explicitly excludedfrom our TPR prole. For instance, the 8 TPR
units presen in MalT [115 were detectedonly by our sener. Overall, TPRpred
detectedtwice asmarny proteins as TPR-containing proteins and over 6 fold more
individual repeats asthe next best web-serer, Pfam. This could be due to the
more sensitive Gaussianscoringas well asthe scorebase-linestrategy employed
by our tool.

3.1.4.3 Comparison of the web-servers using known protein structures

In order to assesshe sensitivity of the web-serers in detecting the individual
repeat units, we submitted the sequencesf the TPR structure set, along with 2
SEL1-like repeat proteins classi ed underthe HCP-like family [SCOP:a.118.18.1],
to TPRpred, Pfam, SMART, and REP web-serers. The number of repeats de-
tected con dently for ead sequenceare tabulated in Table 3.3 and the repeats
detectedonly by TPRpred are shavn in Figure 3.6. The TPR structure set con-
tains both proteins that were presen in the training databasesof the individual
methods (Table 3.3, top) and proteins whosestructure becameavailable subse-
quertly (Table 3.3, bottom). All seners performedwell on the former proteins,
although TPRpred stood out with 100 % detected individual repeats over the
other seners, which only detected between 70 % and 90 %, but the real dif-
ferencebetween seners becamevisible on the latter proteins. Here, TPRpred
recognizedall proteins as TPR-containing, whereasthe other seners recognized
lessthan half, and TPRpred detected 94 % of individual repeats, whereasthe
other seners detectedonly about 48 %.

Table 3.3: The comparison of the results obtained from

the web-servers using known structures. The actual
number of repeats for ead entry and the number of repeats
detected by various web-seners are tabulated. Seealso Fig-
ure 3.6.

PDB-ID Name | Type | #{ | TPRpred | Pfam | SMAR T | REP

Structures used in prole generation by TPRpred

Continued on next page
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Table 3.3 { contin ued from previous page
PDB-ID Name Type |# 1 | TPRpred Pfam | SMAR T | REP
1A17 Phosphatase5 | TPR | 3 3 3 3 0
1KT1 Fkbp51 TPR |3 3 2 2 3
1ELR Hop, TPR2a TPR |3 3 3 3 3
1IHG Cyclophilin 40 | TPR | 3 3 3 3 3
1ELW Hop, TPR1 TPR 3 3 3 3 3
1HH8 P67phax TPR |3 3 3 3 3
1FCH* PEX5, human | TPR |7 7 4 4 6
1HXI PEXS5, brucei | TPR |3 3 3 3 3
1KLX Hcpb SEL1 | 3 3 3 3 3
10UV Hcpc V+6% | 7 P+6* D+6% | 7% 7
Total 38 | 38 34 33 27
% of total 100 % 89 % | 86 % 71 %
Structures not used in prole generation by TPRpred

1P5Q Fkbp52 TPR |3 3 3 3 3
2C2L CHIP TPR 3 3 3 3 3
IXNF* NIpi TPR 4 4 3 3 3
1W3B* Transferase TPR |10 |10 9 9 9
1TJC* Hydroxylases | TPR | 2 2 1 1 0
1HZ4 MalT TPR 8 8 0 0 0
INZN Fisl TPR 2 1 0 0 0
1YAO Smg7 TPR |2 2 0 0 0
1702 Tom20, plant TPR |2 2 0 0 0
11YG Rsgi Ruh-001 | TPR 2 1 0 0 0
10M2 Tom20,animal | TPR | 1 1 0 0 0
Total 39 |37 19 19 18
% of total 94 % 48 % | 48 % 46 %

{ Actual number of repeatsin the structure

X Structures shown in Figure 3

Y TPR

Z SEL1-like repeat
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Figure 3.6: The accuracy of TPRpred in detecting individual rep eats.
The TPRs detectedonly by TPRpred are shavn in red, whereasTPRs also de-
tected by the other seners are shown in yellow, and the remaining residuesare
shown in grey. Structuresin which all TPRs are only recognizedoy TPRpred are
omitted. (A) E. coli NIpl [PDB:1XNF, chain A]. (B) Human N-acetylglucosamine
transferase,TPR domain [PDB:1W3B, chain A]. (C) Peptide-substrate-binding
domain of human type | collagen prolyl 4-hydroxylase [PDB:1TJC, chain A].
(D) Human PEX5 [PDB:1FCH, chain A]. The gure was generated using
MOLSCRIPT [145 and Raster3D [144§.
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Figure 3.7: Superposition and computed average TPR unit. (A) Super-
position of C traces of 44 individual TPR units from the 12 TPR-containing
structures. The individual TPR units are shovn in dierent colours. (B) The
averageTPR unit derived from the superposedrepeat units.
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3.1.5 TPR-lik e hairpins in globular proteins

To detectthe TPR-lik e repeat units in non-TPR-cortaining structures, we useda
represemative TPR unit, which we obtained by superimposing40individual TPR
units from 12 TPR-containing structures (Figure 3.7A), and derived the average
TPR unit (Figure 3.7B). The maximum badkbone RMSD of 2.5 A was obsened
over 26 residues. The region connecting the two helicesare highly consered
comparedto the termini amongthe individual repeat units (Figure 3.7A).

The description of protein structure in the languageof side chain cortact
mapsis shavn to o er many advantagesover more traditional approades. The
supersecondarystructural fragmerts that occursin non-relatedproteins are char-
acterized by small number of interactions patterns which can be captured by
structural similarity measuredby the overlap of the side chain cortact maps.
Therefore,we employed corntact map basedstructure comparisonover more tra-
ditional approadiesto measurethe structural similarity. The cortact map based
structure comparisonof the averageTPR unit with non-TPR-cortaining struc-
tures revealed51 -hairpins with greaterthan 80 % structural similarity to the
averageTPR unit which aretabulated in Table 3.4. The 92 % of thesehits belong
to the all alpha classof the SCOP classi cation. This revealsthat TPR-lik e units
are lesscommonin other protein classeswhich have both and . This could
be attributed to the lessoccurrenceof -hairpin supersecondarystructural motif
ascomparedto  -motif and -hairpin [147. Similarly, 27 % of the hits were
proteins that belongto the ferritin-lik e superfamily (a.25.1) and 21 % belongto
the up-down helical bundle fold. The remaining hits were distributed over di er-
ernt folds sudh as  -superhelix, spectrin repeat-like, phospholipaseCP1, SAM
domain-like and many more. It is interesting to note that ferritin-lik e, up-down
helical bundle, SAM domain-like and  -superhelix folds are the members of the
super-fold [75, 79).

Structural similarity betweentwo protein fragmerts could be dueto divergen
or corvergen ewlution. In orderto selectonly homologous -hairpins over anal-
ogousones,we have extracted the primary amino acid sequencesorrespnding
to the -hairpin regionsfrom ead of the hits and ranked them using the pro le-
to-sequenceomparisonprogram TPRpred asshown in Table 3.5. TPRpred uses
the sequencenformation of the homologousrepeats in the pro le, thereby we
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Table3.4: Summary of structure-structure  comparison. The best22 struc-
turally similar  -hairpins to the averageTPR units are listed
Nr. | PDB-ID | Res SCOPY | score? | %score* | Rep{ | Name
1 1KHOA | 98-130 | a.124.1.1| 197 94.3 1 Alpha-toxin
2 2E2AA 20-52 |a.7.2.1 | 197 94.3 1 Enzymella
3 1JGCA 98-130 | a.25.1.1 | 196 93.8 2 Bacterioferritin
4 10CRC | 140-172| f.25.1.1 | 196 93.8 1 cytochrome
5 1J14A 103-135| a.25.1.1 | 195 93.3 1 ferritin
6 1LKOA 24-56 | a.25.1.1 | 194 92.8 1 Rubrerythrin
7 109DA 66-98 | a.118.7.1| 194 92.8 2 14-3-3-like
8 1BCFA 22-54 | a.25.1.1 | 192 91.9 1 Bacterioferritin
9 1F4ANA 16-48 | a.30.1.1 | 192 91.9 1 ROP
10 | 1FJGT 33-65 |a.7.6.1 |192 91.9 1 RPS20
11 | 1H6GA | 397-429 a.24.9.1 | 192 91.9 2 alpha-catenin
12 | 1H6GB 397-429| a.24.9.1 | 192 91.9 2 alpha-catenin
13 | 1JGCA 22-54 | a.25.1.1 | 192 91.9 2 Bacterioferritin
14 | INFVA 27-59 | a.25.1.1 | 192 91.9 1 Bacterioferritin
15 | 1IEEXG 83-115 | a.23.2.1 | 191 91.4 1 Diol dehydratase
16 | 1JMSA 169-201| a.60.6.1 | 191 91.4 1 deaxynucleotidyl
17 | 1LF6A 452-484| a.102.1.5| 191 91.4 1 glucoanylase
18 | 1QGHA | 110-142| a.25.1.1 | 191 91.4 1 ferritin
19 | 1CA1 98-130 | a.124.1.1| 189 90.4 1 Alpha-toxin
20 | 1FPOA 125-157| a.23.1.1 | 189 90.4 1 HSC20
21 | 1FANB 16-48 | a.30.1.1 | 188 90.0 1 ROP
22 | 10M2A | 20-52 | a.23.4.1 | 188 90.0 1 Tom20

Begining and end residuenumber
Y SCOP classi cation iderti er
Z Structural similarity betweencortact maps
X 9% Similarity scoreto query structure
{ Number of repeats detected
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Table 3.5: Summary of sequence based ranking. The amino acid sequences

correspndsto the

-hairpins are ranked using TPRpred.

Nr. | PDB-ID | Score | P-value | E-value | Prob * | Name

1 10M2A | 21.2 | 4.1E-07 | 2.1E-05 | 20.89 | Tom20

2 1FJGT 21.1 | 45E-07 | 2.3E-05 | 19.84 | RPS20

3 1KHOA | 16.3 | 1.2E-05 | 6.3E-04 | 2.22 PhospholipaseC
4 1CAl1 16.1 | 1.4E-05 | 7.1E-04 | 2.03 | Alpha-toxin

5 109DA 12,5 | 1.7E-04 | 8.8E-03 | 0.30 14-3-3-like

6 1FPOA 12.4 | 1.9E-04 | 9.6E-03 | 0.28 HSC20

7 1LF6A 12.3 | 2.0E-04 | 1.0E-02 | 0.26 glucoanylase

8 1AFRA 10.7 | 6.0E-04 | 3.1E-02 | 0.11 Desaturase

9 1QJBA 10.6 | 6.4E-04 | 3.3E-02 | 0.10 14-3-3

10 | 1AH7 105 | 6.7E-04 | 3.4E-02 | 0.10 PhospholipaseC
X Probability for beinga TPR repeating unit

eliminated all the analogous -hairpins. The 1% hit was from the mitochondrial
translocaseof outer membrane complex (1OM2A, Tom20). Tom20is indeedan
examplefor onerepeat TPR-containing proteins [126, which demonstratesthat
our approad to idertify TPR-like -hairpinsin non-TPR-cortaining proteins ap-
pear to be correct. The 2" hit was from the RibosomalProtein S20 (1FJGT,
RPS20). Ribosomalproteins are most anciert moleculesand many of the modern
non-ribosomalproteins contain fragmerts from rib osomes.Therefore, rib osomes
might have played a major role in early protein ewlution [12]. The 3’9 hit was
-toxin of the phospholipaseC family (PLC). The 4" and 5" hits are lessinter-
estingsincethe 4" hit is ahomologof -toxin (3"9 hit), while the 5" hit belongto
the samefold asTPR. Additionally, we consideredhe 6" (heat shack protein 20,
HSC) and 7" (bacterial glucoanylase,BGA). Overall, we selectedv e -hairpins
for experimertal studies,and whosestructures are shavn in Figures3.8,and 3.9.

3.1.6 Design of TPR-lik e domains

The certral theme of engineeringnovel proteins is the ability to designspecic
amino acid sequenceshat fold into desiredstructures. Protein designis also a
good method to assessour understanding of sequence-structureand structure-
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:
.

Figure 3.8: Proteins selected for experimental study with natural \sol-

vating” or \stop" helix. The two represetativ e structures of the total ve
proteins selectedfor further study categorisedbasedon the sohating helix. TPR-
like -hairpins are shavn in green,the "solvating" helicesare showvn in yellow
and the remaining residuesare showvn in grey. The PDB codesare: (A) Tom20
(10M2A), (B) RPS20(1FJGT)
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Figure 3.9: Proteins selected for experimental study with no natural
\solv ating” or \stop" helix. The three represemativ e structures of the total
v e proteins selectedfor further study that have no natural sohating helix. TPR-
like -hairpins are shavn in greenand the remaining residuesare shawvn in grey:.
The PDB codes are: (A) PLC (1KHOA), (B) HSC (1FPOA) and (C) BGA
(1LFBA).
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function relationships. Many proteins aggregatewhen removed from their physi-
ological cortext. The aggregationof proteins will be much more in the proteins
where amino acid sequencesire mutated from their natural sequences.

TPR domainsare of interest with respect to their folding, modular architec-
ture, and range of binding speci cities. Reganet al. designedidealized TPR
repeating unit which allowed them to shav how the amino acid sequencespeci-
es fold and function [123 124 125. They useda consensus-base@PR design
to engineernovel proteins by arraying varing numbers of an idealized TPR re-
peating unit. Further, they constructed three separateproteins with one, two,
and three copiesof the consensud PR repeating unit, thereby not only shawving
that the resultart statistically designedproteins were stable and have native-like
properties, but also correctly formed the desired TPR fold as demostrated by
both NMR and X-ray crystallograply. By this way, they pioneeredin making
perfectly repetitive TPR-containing proteins, which are idertical both at the se-
qguenceand structural level that are not exist in the nature. We adopted similar
designingstrategy howewer by usingthe -hairpin protein fragmerts in constrast
to the consensus-base@PR unit. From ead of the v e -hairpins three seper-
ate proteins were constructed with one, two and three copiesof the -hairpins.
Further, we inserted three extra featuresinto ead of designedproteins (Figure
3.10):

The sequencesly-Asn-Serwas addedat the N-terminus of ead protein to
provide a potential N-capping, helix-stabilizing sequence Statistically, Gly,
Asn, and Ser have the highest propensitiesto occur at the N° N°% and N
cap positionsin -helices[148 149 150 151].

The C-terminal four residuesof ead hairpin which constitute a loop con-
necting the juxtap osed repeat were substituted by Asp-Pro-Asn-Asn to
maintain the angle between juxtap osed repeat units. Statistically, Asp,
Pro, Asn and Asn have the highestpropensitiesto occur at thesepositions.
This 4 residuesmutation werenot madein onerepeat proteins with natural
"solvating” helix namely Tom20-1and RPS20-1proteins.

An additional arti cial sohating helix was added after the nal helix of
the repeat unit for those -hairpin which could not be assignedhe natural
sohating helix after examiningtheir parert protein structures.
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All of the information neededto specify a protein's 3D structure is cortained
within its amino-acid sequence. More similar the sequencesre to the known
TPRs, the higheris the probability that they would adopta TPR fold. Therefore,
we have exploredthe sequencespacefor these -hairpins by obtaining homologs
by BLAST seartiesagainst the non-redundan databaseand selectingthe best
sequencaising TPRpred.

3.1.6.1 Design of Tom20-1, Tom20-2 and Tom20-3

Mito chondria are generallyacceptedto have descendedrom a eubacteriumthat
was engulfedby an archaebacterialhost cell [152 153. During the ewlution of
this endosynbiotic relationship, the vast majority of organellargeneswere trans-
ferred to the nucleus,necessitatingan e cien t systemto import nuclear-encaed
mitochondrial proteins into the organelle[153. All extant mitochondria possess
this protein import madinery, consisting of the translocaseof the outer mito-
chondrial menbrane (TOM) complex, and two inner mitochondrial membrane
complexes[154. The TOM complexconsistsof two functionally de ned groups
of proteins that either form the 'generalimport pore' or act as receptorsthat
facilitate delivery of the precursorprotein to the pore [155 156.

The receptor protein Tom20from Rattus norvegicus (rat) is anchoredin the
mitochondrial outer menbrane by an N-terminal hydrophobic transmenbrane
segmety and the C-terminal domain, which functions asa receptorfor mito chon-
drial precursorproteins, that is exposedto the cytosol. This cytosolic domain of
rat Tom20 consistsof two acidic regions, a Q-rich region cortaining glutamine
and hydrophobic residues,and a single TPR unit [12§. This protein was ranked
rst in our nal sequencéasedranking of the -hairpins that were detectedby
structure-structure comparisons. This hit sened as our positive cortrol for the
approad we took in nding the TPR-lik e repeating units in non-TPR-cortaining
proteins, becauseof its clear nature of possessingingle TPR unit.

We extracted a set of 18 homologs of Tom20 protein sequenceconsera-
tively with BLAST (E-value cuto of 10° 3) from the non-redundan databaseat
NCBI (http://www.ncbi.nlm.nih.g  ov), usingthe cystosolicdomain of Tom20
[G1:6980855hsa query sequenceEad of thesesequencewerefeededo TPRpred
program to nd out their sequencetness to the known TPR units. Results
from thesecomparisonsare tabulated in Table 3.6, which shov that Tom20from
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Figure 3.10: Schematic illustration of the designed proteins. The colour
codesindicatesN capin cyan, -hairpin in green,turn in magera and solating
helix in yellowish green. (A) Tom20and RPS20derived proteins. (B) PLC, HSC
and BGA derived proteins.
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Xenopuslaevis was ranked best. Howewer, we selectedthe secondhit that was
our query sequencepecausestructure of this protein is known, and moreover,
the di erences betweenthesetwo hits is not much stastically.

To construct the plasmid cortaining Tom20-1 gene, we used the cDNA of
hippocampal cellsfrom Rattus norvegicusasa template with appropriate primers
by PCR. Finally, we constructedthe genesencaling the two and three identical
copiesof the repeatswith non-overlappingnucleotidesequencethat are produced
by assigningthe rst and secondmost favoured codon usagefor secondand third
repeats of amino acid sequencesespectively. The DNA and protein sequences
are shawvn in Figure 3.11.

Table 3.6: Homologs of Tom20 proteins. The TPR-
lik e repeats from the set of 18 Tom20 proteins are
tabulated in the order from best to worst based on
their single rep eat P-values for being TPR rep eating
unit. The idealized TPR unit * sequence is given for
easy comparison.

Gl number Sequence

Idealized TPR* | AEAWYNLGNAYYKQGDY DBAMENIRIN
27371034 FLEEIQLGEELLAQGDFEKGWAINIT@®P
698085%Y FLEEIQLGEELLAQGDYEKGWBRHWMCTQP
37546318 FFEEIQLGEELLAQGEYEKGYBIWMTGP
23097350 FLEEIQLGEELLAQGDYEKGYRINVCGQP
1838935 FLEEIQLGEELLAQGDYEKGYRIKWVCQP
13324686 FLEEIQLGEELLAQGDYEKGYBIWMTGP
15741057 FLEEIQLGEELLAQGEYEKGWRHMCGP
37589685 FLDEIQLGEELLAQGDYEQGNBWKNTGP
37541284 FLEETQLGEELLAQGKYEKGVBKVTGQP
7657257 FLEEIQLGEELLAQGEYEKGWRHMCGP
38086424 FLEEIQLGEELLAQGDYEKGYBMCGP
24645735 FMTQIHKGETLITNGDVEAGVYAHIM CQP
28574622 FLQEIQLGETLIARGDFESGVEAKXCQP
19909174 FLQQIQQGETALSMGSLDEVXNEAQP
37181652 GELWLSRGEHRMGIQHLGNAPIRICR/F

Continued on next page
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Table 3.6 { contin ued from previous page

Gl number Sequence
31239595 FLQEIQTGEALISAGDIENGVEHAIMCEP
39592238 AVMLCGESQQLLSIFQQTLSEEF@KER BT
17560096 DEGAVHIANAVMLCGESQQIQBSEDER

X Consensussequenceor idealized TPR from Reganet al.
Y Finally selected -hairpin
{' Query sequencehairpin

3.1.6.2 Design of RPS20-1, RPS20-2 and RPS20-3

Protein syrthesis is coordinated by the ribosomesand is fundamenally same
in all cells. The structure of the bacterial ribosomehas been studied for many
years,and the two subunitstogether form a 70Sparticle that hasan approximate
molecularmassof 2.3 MDa. In generalthe small, 30Ssubunit (S) cortains a 16S
rRNA and 21 proteins; the large, 50S subunit (L) cortains a 23SrRNA, a 5S
rRNA and 34 proteins, howewer the exact number of proteins varies between
species. An important role of ribosomal proteins is to direct the folding and
stabilize the tertiary structure of rRNA. Consistent with this, the majority of
the proteins appear to have multiple RNA-binding sites and probably interact
with sewral regionsof rRNA. Se\eral of theserib osomal-proteinfolds appeared
to be unique, whenthey were rst discovered, but weresubsequetty found to be
presen in other proteins [12]. An RNA world is widely acceptedas a probable
stagein the early ewlution of life. The ribosomesare the relics of the RNA world
and have marny featuresthat areremnarts of the RNA world. Its appearancewas
obviously a crucial step in early protein ewlution. Therefore, protein ewlution
studiesbasedon rib osomalproteins play a signi cant role.

Protein domains are supposedto have arisen divergerly from a basic set.
There is a growing body of evidencesuggestingthat this basicsetaroseby dupli-
cation, mutation and shuing of shorter fragmerts. Sinceproteins today are of-
ten a mosaicof homologousand nonhomologousiomains,the domainsthemsehes
too may be mosaicsof homologousand nonhomologoudgragmerts. The fragmerts
presumably ewlved in the cortext of RNA-basedreplication and catalysis and
would also have corvergedtowards particularly foldable and versatile structural
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>Tom20-1 gene

GGAATTCATATG TTCCTTGAAGAGATACAGKGGTGABAGTRATTAGC
ACAAGGTGACTATGAGAAGGGTGTGGACGACBATGCAACGCTTGTGGGACA
GCCT

CTCGAGGG

>Tom20-1 protein
MGNFLEEIQLGEELLAQGDYEKGVDHLTNAIEGQR

>Tom20-2 gene

GGAATTCATATG TTTCTGGAAGAAATTCAGCTGGGEEMMCTCTGGC
GCAGGGCGATTATGAAAAAGGCGTGGATGATCACGCGATGCG®TGATCCGAA
CAAQTCCTTGAAGAGATACAGKGGTGAAGATTATTAGCABAGGGACTAGAGAA
GGGTGTGGACCACCTGACAAATGCAATCGIBI®ACAGCT

CTCGA
GCGG

>Tom20-2 protein
MGNFLEEIQLGEELLAQGDYEKGVDHLTNAIBPNNLEEIQLGEEILLAQGLYEKGVD
HLTNAIAVCGQR

>Tom20-3 gene

GGAATCCATATG GICTTGGAGGAGATCCAATTGGGTEME GTTGGC
CCAAGGTGACTACGAGAAGGGTGTTGACGACTGATGCCACGCGTIGACCCAAA
TAATTTTCTGGAAGAAATTCAGCTGGGCGARGABTGGCGAGGGGATTA GAAAA
AGGCGTGGATCATCTGACCAACGCGATTE&GABI_GAACACTTCCTTGAGAGAT
ACAGCTGGTGAAGAGTTATTAGCACAAGEIIPARGAAGGTGTGACCECTGAC
AAATGCAATCGCTGTGTGTGGACAGECT

CTCGAGGG

>Tom20-3 protein
MGNFLEEIQLGEELLAQGDYEKGVDHLTNAYBPNNLEEIQLGEELLAQGLEKGVD
HLTNAIAVDPNNFLEEIQLGEELLAQGDYEK®HLTMIAVCGQF

Figure 3.11: The DNA and protein sequences of Tom20 derived -
hairpin.  The colour codes indicates N cap in cyan, -hairpin in green,turn
in mageria and sohating helix sequencesn yellow. For DNA sequenceghe
Ndel and Xhol restriction sites are displayed with an underline. Additional nu-
cleotides (black) required by the restriction enzymesfor e ective digestion are
alsodisplayed at both the termini of the genes

69


Chapter3/Chapter3Figs/EPS/tom20-dna-prot.eps

3.1 Bioinformatics analysis

solutions (the supersecondarystructures). Their conbination, often through rep-
etition of the sameelemen, wasthe driving force behind the ewlution of folded
domains[79]. Therefore,our discovery of the -hairpin from the ribosomalpro-
tein S20(RPS20) that resenble the repeating units of TPRs play a signi cant
role.

In order to nd out the -hairpin from the homologsof RPS20 which is
similar to the known repeating units of TPRs at the sequencéevel, we extracted
a setof 7 homologsconsenratively with BLAST (E-valuecuto of 10'3) from the
non-redundan database,using30Srib osomalprotein S20(RPS20)[G1:10835604]
from Thermus Thermophilusas a query sequence Eadc of thesesequencesvere
feededto TPRpred programto nd out their sequencetness to the known TPR
units. Results from these comparisonsare tabulated in Table 3.7. We selected
our query sequences a best hairpin.

To constructthe plasmid cortaining RPS20-1gene,we usedthe genomicDNA
from Thermus Thermophilus as a template with appropriate primers by PCR.
Finally, we constructed the genesencaling the two and three identical copies
of the repeats with non-overlapping nucleotide sequenceshat are produced by
assigningthe rst and secondmost favoured codon usagefor secondand third
repeats of amino acid sequencesespectively. The DNA and protein sequences
are shawvn in Figure 3.12.

Table 3.7 Homologs of rib osomal protein S20
(RPS20). The -hairpins from the set of 6 RPS20
proteins are listed in the order from best to worst
based on their single repeat P-values for being TPR
rep eating unit. The idealized TPR unit * sequence is
given for easy comparison.

Gl number Sequence

Idealized TPR* | AEAWYNLGNAYYKQGDY D BANENIRN
10835604 IKTLSKKAVQLAQEGKAEEAIKAEBRIDKA
34811548 IKTLSKKAVQLAQEGKAEEAKABRIDKA
14278549 IKTLSKKAIQLAQEGKAEEALKAHRR IDKA
20095227 IKTLSKKAIQLAQEGKAEEALKAHRR |IDKA
1350957 LKTIEKRCINMIKAGKKDEAIBREKKLDA

Continued on next page
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Table 3.7 { contin ued from previous page
Gl number Sequence
15594578 LKTIEKRCINMIKAGKKDEAIERFKKLDA
X Consensussequenceor idealized TPR from Reganet al.
Y Finally selected -hairpin
{ Query sequencehairpin

3.1.6.3 Design of PLC-1, PLC-2 and PLC-3

Enzymesare under high selectiwe pressurethereforethey play lesssigni cant role

in understandingthe protein ewlution. The -toxin from Clostridium perfringens

wasthe rst bacterial protein shavn to have both enzymaticand toxic properties.

The phospholipaseC (PLC) is a zinc metalloenzyme,composedof 370residues
that exhibits hemolytic, necrotic, vascular permeabilization, and platelet aggre-
gating properties. It is predominartly assaiated with the diseasegasgangrenean

humans. The enzymeconsistsof two domains. The N-terminal domain (residues
1-246)is -helicaland contains the active site, which is indicated by the presence
of either two or three metal ions. The C-terminal domain, which is known to be

essetial for toxicity, is an eight-stranded -sandwid [157. An -hairpin con-
taining residues98-130in the N-terminal domain of PLC resenblesthe repeating

unit of TPR.

Table 3.8: Homologs of phospholipase C (PLC) pro-
teins. The -hairpins from the set of 32 PLC proteins
are listed in the order from best to worst based on
their single rep eat P-values for being TPR rep eating
unit. The idealized TPR unit * sequence is given for
easy comparison.

Gl number Sequence
Idealized TPR* | AEAWYNLGNAYYKQGDY D BANENIRN
23821941 VRKFTALARNEWEKGNY EK@AMYIF® L
21730473 IRKFSALARYEWKRGNYKQATAMYEBGA
29373300 GTKYFNISIEEYQDGNFEKARYNH®Y DI
Continued on next page
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Table 3.8 { contin ued from previous page

Gl number Sequence
2126777 PDNLSNKGFVYTKIKKNDRFVHWAEBM
30145480 IRKFSALARYEWQRGNYKQARMYEOI!
4929954 IRKFSALARYEWQRGNYKQARMYEOG!
6137451 IRKFSALARYEWQRGNYKQAKMYEOI
23821940 LRKLFALAKDEWKKGNYEQAJGHY BB F
1255553 IRKFSALARYEWQRGNYKQARMYEO!
1255555 IRKFSALARYEWQRGNYKQARMYEOG!
40555 IRKFSALARYEWQRGNYKQARMYEO!
1255557 IRKFSALARYEWQRGNYKQAKMYEOI
18309018 IRKFSALARYEWQRGNYKQARMYEOI!
477909 IRKFSALARYEWQRGNYKQARMYEO!
1741875 IRKFSALARYEWQRGNYKQAKMYEOI
896252 IRKFSALARYEWQRGNYKQARMYEOI
896256 IRKFSALARYEWQRGNYKQARMYEO!
896258 IRKFSALARYEWQRGNYKQARMYEG!
1255545 IRKFSALARYEWQRGNYKQAKMYEOI
1255549 IRKFSALARYEWQRGNYKQAKMYEOI
80525 IRKFSALARYEWQRGNYKQARMYEGI!
98620 IRKFSALARYEWQRGNYKQARMYEGI!
29373282 GAKYFNQSVTDYREGKFDTARWKYEDI
29373304 GAKYFNQSVADYREGKFDTABWKYEDI
29373294 GAKYFNQSVADYREGKFDTARWKY GDI
29373296 GAKYFNQSVADYREGKFDTARWKY GDI
29373288 GAKYFNQSVADYREGKFDTABWKYEDI
15004851 PYHSANLIAVLSTHSQYEQFVGQBMASID
21730478 IRKFSALARYEWKRGNY KQATAMIYEGA
282501 GAKYFNQSVTDYREGKFDTARWKYEDI
16802251 GAKYFNQSVTDYREGKFDTARWKYEDI
80580 GAKYFNQSVTDYREGKFDTARVHYGDI
2382197 IRKFSALARYEWKRGNYKQAIAMYGBGA

X Consensussequenceor idealized TPR from Reganet al.
Y Finally selected -hairpin
{' Query sequencenhairpin
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>RPS20-1 gene

GGAATTCATATG AT CAAGACCCTCAGCAAGAAGGCCABLCGGCCCA
GGAGGGCAAGGCGGAAGAGGCCCTGAAGKRTHPAGGCCBAAGCTCATGACAA
GGCG

AAGCTGGG

>RPS20-1 protein
MGNIKTLSKKAVQLAQEGKAEEALKIMRKAEB® KA

>RPS20-2 gene

GGAATTCATATG ATCAAGACGTTGTCGAAGAAGGCCARTTGGCCCA
AGAGGGTAAGGCCGAGGAGGCCTTGAAGAOGAMGGCCSGTCGTGGACCCAAA
TAACATCAAGACCCTCAGCAAGAAGGCCOAICTDBGCCAGAGGGEAAGGGGAAGA
GGCCCTGAAGATCATGCGCAAGGCCGAABSTTACAAGGEG

AAGCTGGG

>RPS20-2 protein
MGNIKTLSKKAIQLAQEGKAEEALKIMRKABDPNNKTLSK KAVQIAQEGIKEEALK
IMRKAESLIDKA

>RPS20-3 gene

GGAATTCATATG ATTAAGACTTTATCCAAGAAGGCABAGTRAGCACA
GGAAGGGAAGGCAGAAGAAGCATTAAAGABTIFGAGGCABATCATAGACCCTAA
CAAQATCAAGACGTTGTCGAAGAAGGCCAATUAE® CCAABGGGAAGGCGAGGA
GGCCTTGAAGATCATGCGTAAGGCCGAGTGATTAAATACATCAAGACCTCAG
CAAGAAGGCCGTCCAGCTGGCCCAGGAGEHUIMANGAGGCCTBAGATATGCG
CAAGGCCGAAAGCCTCATTGACAAGGCEG

AAGCTTIGGG

>RPS20-3 protein
MGNIKTLSKKAIQLAQEGKAEEALKIMRKAHIDPNNKTLSK KAIQLAQEGKREEALK
IMRKAESLIDPNNKTLSKKAVQLAQEGKAEEAUMRKAESLIDKA

Figure 3.12: The DNA and protein sequences of RPS20 derived -
hairpin.  The colour codes indicates N cap in cyan, -hairpin in green,turn
in magerta and sohating helix sequencesn yellow. For DNA sequenceghe
Ndel and Hindl 1l restriction sites are displayed with an underline. Additional
nucleotides(black) required by the restriction enzymesfor e ective digestionare
alsodisplayed at both the termini of the genes

73


Chapter3/Chapter3Figs/EPS/rps20-dna-prot.eps
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We extracted a set of 32 homologsof PLC conseratively with BLAST (E-
value cuto of 10'3) against the non-redundan database,using the full length
sequenceof PLC [GI:21730473]as a query sequence. Each of these sequences
were feededto TPRpred programto nd out their sequencetness to the known
TPR units. Results from these comparisonsare tabulated in Table 3.8, which
show that PLC from Clostridium novyi was ranked best.

Finally, PLC -hairpin amino acid sequencesvith necessaryeaturesare con-
verted to a DNA sequencesccordingto the most favoured codon usagein Es-
cherichia coli using a Perl script. Dierent nucleotide sequencethat codes for
more than onecopy of the repeat are producedby assigningthe secondor third
most favoured codon usagefor the given amino acid sequence.The DNA and
protein sequencesre shavn in Figure 3.13.

3.1.6.4 Design of HSC-1, HSC-2 and HSC-3

The heat shack co-haperone (HSC) from Escherichiacoli is 20 Kda J-type co-
chaperoneprotein that regulatesthe ATPaseactivity and peptide-binding activ-

ity of HSC66, a HSC70-classmolecular chaperone. HSC from Escherichia coli

consistsof two distinct domains, the N-terminal J-domain cortaining residues
1-75 connectedby a short loop to a C-terminal domain cortaining residues84-
171[158. The -hairpin cortaining residuesl125-157in the C-terminal domain

of HSC resenblesthe repeating unit of TPR.

Table 3.9: Homologs of heat shock co-chaperone
(HSC) proteins. The -hairpins from the set of 24
HSC proteins are listed in the order from best to
worst based on their single repeat P-values for be-
ing TPR repeating unit. The idealized TPR unit *
sequence is given for easy comparison.

Gl number Sequence
Idealized TPR* | AEAWYNLGNAYYKQGDY DBMENIRIN
37527169 IKTRSQLMVQQLDEQQWEQKRIBIURQ
40745443 PELLMEVMDVQEAIEEVGEGQAAMEEN
24373820 ETTTVKDTAFLMQQMEWREBSHIHRIA
Continued on next page
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Table 3.9 { contin ued from previous page

Gl number Sequence
12084584 FDTRHQLMVEQLDNETWDARMBTIORR
33112677 AKTAQEKAQNLITSTELNKAYSNKRAEM
23956362 QKEFTDNINSAFEQGDFEKAKHERHESN
22998537 TKGWFMSLHACWSCKGPVHASNEEPQ
31228753 QKSEHEKAIALEWSSLVNKAKKMBERGKL
9758421 LKQWSDSFVEAFESQKFDDRMIXBRC
30681429 LKQWSDSFVEAFESQKFDDRWMIXBRC
21672835 IDNYEKIIEIKFNEKKWDDIIKLKLLFFKKQ
15599006 AELEREFAACWDDAQRREERKERLRA
15832647 FDTRHQLMVEQLDNETWDARIMBIURR
24113856 FDTRHQLMVEQLDNEAWDARABIVRR
16123084 AQLWVQAADTVRKLRFLDKIQEEREOD
29250090 KNAKKLSEMRHALTKRFSDGSHAE&BN
33152209 LAALQQSADVNEALQILKDPIARREINTGI
40063436 TSSENEKIQSMIKSTQTNDARPTKRAKI
33112306 EQLNEGFAACWADPRRRDHEAHARLBRF
19073989 RARYLSNAKKLSVDKKFLEDFAEBRESSD
23105217 EQLNEGFAACWADPRRRDHERAHRLBRF
19115581 DSPEKLLQLSQENQGRKVQENZFSEWD
34872990 QKEFTDNINRAFEQGDFEKAKHBARESNE
X Consensussequenceor idealized TPR from Reganet al.
Y Finally selected -hairpin
{ Query sequencehairpin

We extracted a set of 24 homologsof HSC consenratively with BLAST (E-
value cuto of 10'3) against the non-redundan database,using the full length
sequenceof HSC [G1:12084584]as a query sequence. Each of these sequences
were feededto TPRpred programto nd out their sequencetness to the known
TPR units. Results from these comparisonsare tabulated in Table 3.9, which
shows that co-daperoneHSC from Photorhalus lumines@nswas ranked best.

Finally, HSC -hairpin amino acid sequencesvith necessaryfeatures were
converted to a DNA sequencesccordingto the most favoured codon usagein
Escherichiacoli using a Perl script. Di erent nucleotide sequencehat codesfor
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>PLC-1 gene

GGAATTCATATG ETGCGCAAATTTACCGCGCTGGCABRGEATGGGA
AAAAGGCAACTATGAAAAAGCGACCTGGTAIGTBGGCGRAGCATATGATCCGAA
CAAC CTCGAGG
G

>PLC-1 protein
MGNS/RKFTALARNEWEKGNYEKATWY FG BRI

>PLC-2 gene
GGAATTCATATG GTTCGTAAGTTCACGGCCTTGGCBBBEATGGGA
GAAGGGTAATTACGAGAAGGCCACGTGGTAGITBAGCCAGCATAGCGACCCAAA
TAATGTGCGCAAATTTACCGCGCTGGCGUGEMNEGGAAAAGGBACTA GAAAA
AGCGACCTGGTATTTTGGCCAGGCGATGCGBRTAZGAACAC

CTCARGG

>PLC-2 protein
MGNSY/RKFTALARNEWEKGNYEKATWYFGYBNRRMVRKFTAARNBVEKGKEKATW
YFGQAMHYPNN

>PLC-3 gene
GGAATTCATATG ETCCGGAAGTTCACTGCATTAGCAGGGATGGGA
AAAGGGGAACTACGAAAAGGCAACTTGGTRILIGAGGCARGCATAGCGACCCTAA
CAAGTTCGTAAGTTCACGGCCTTGGCCCBIAB GGGAGAGGGAATTACGAGAA
GGCCACGTGGTACTTCGGTCAAGCCATGCBABTLAAATATGTAGCAATTTAC
CGCGCTGGCGCGCAACGAATGGGAAAAAGIRRTRAAAAAEGGACTCGGTATTTGG
CCAGGCGATGCATTBATCCGAACAAL

CTCGAGGG

>PLC-3 protein
MGNS/RKFTALARNEWEKGNYEKATWYFGYBRMYRKFTA ARNBVEKGXEKATW
YFGQAMHYPNNRKFTALARNEWEKGNYEKRAYTFGAMHDPNN

Figure 3.13: The DNA and protein sequences of PLC derived -hairpin.
The colour codesindicates N cap in cyan, -hairpin in green,turn in magerna
and sohating helix sequence yellow. For DNA sequenceshe Ndel and Xhol
restriction sites are displayed with underline. Additional nucleotides(black) re-
quired by the restriction enzymedor e ectiv e digestionare alsodisplayed at both
the termini of the genes
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more than onecopy of the repeat are producedby assigningthe secondor third
most favoured codon usagefor the -hairpin amino acid sequenceThe DNA and
protein sequencegre shavn in Figure 3.14

3.1.6.5 Design of BGA-1, BGA-2 and BGA-3

Glucoanylase (1,4- -D-glucan glucolydrolase,EC 3.2.1.3,)releases -D-glucose
from the non-reducingendsof starch, glycogen,and malto-oligosacbarides,clea-
ing all -glycosidicbondsbetweenglucosylresiduesexceptthat of , -trehalose.
Glucoanylasesoccur in someprokaryotic and many eularyotic microorganisms,
and may have originated asa polysactaride exo-tydrolaseearly in the ewlution
of glycogenmetabolism. Bacterial glucoanylase (BGA) from the thermophilic
clostridial speciesThermoanaeobacterium thermosacharolyticum consistsof two
distinct domains,the N-terminal -domain cortaining residuesl-251connected
by a short linker domain containing residues251-295to a C-terminal -domain
containing residues296-684[159. An -hairpin cortaining residues452-484in
the C-terminal -domain of HSC resenbles the repeating unit of TPR.

Table 3.10: Homologs of bacterial glucoam ylase
(BGA). The -hairpins from the set of 17 BGA pro-
teins are listed in the order from best to worst based
on their single rep eat P-values for being TPR rep eat-
ing unit. The idealized TPR unit * sequence is given
for easy comparison.

Gl number Sequence

Idealized TPR* | AEAWYNLGNAYYKQGDY DBAMENIRIN
8777462 ILTTLWLAQLYIKQGRIKKALNWMVBHRDL
16081473 ITTLWMARYYMRFGDFEKAWNRKRRS
15921050 ITTLWLAEYYLDLGQREKALDMABRAPS
23020506 VLATLWVALYYIEIKEYEKAKDMBESCAL
28948480 SRDLYHVANAFIAAGDVDSANBESMY BN
2894847%Y SRDLYHVANAFIAAGDVDSANESMYBN
3243238 SRDLYHVANAFIAAGDVDSANERSMY BN
231542 SRDLYHVANAFIAAGDVDSANBESMY BN

Continued on next page
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Table 3.10 { contin ued from previous page

Gl number Sequence
24374006 PRDFYQCAMAFLAMGDTQTPKMAKISD
15899215 FISTLWLSQVYSLMGEKDKARBASKSPT
22405949 ITTLWMARYYIRIGNLEKSWBIVBHRRS
34146785 SRDLYHVANAFIVAGDTDSANRXMYBN
17229078 PRDFYQAAMALLALGDKETPOARMQYS
15922338 FITTLWLAQQYILEGNKEKAKKYEHMRT
13541259 ITTLWMARYYLRYGDFERAWMRNRRS
14324643 ITTLWMARYYLRYGDFERAWMRNRRS
20808230 ARDLYHIANAFIAAKDIDSANRARDVVEN
X Consensussequenceor idealized TPR from Reganet al.
Y Finally selected -hairpin
{' Query sequencenhairpin

We extracted a set of 17 homologsof HSC consenratively with BLAST (E-
value cuto of 10'3) against the non-redundan database,using the full length
sequenceof BGA [G1:28948477]as a query sequence.Ead of these sequences
were feededto TPRpred programto nd out their sequencetness to the known
TPR units. Results from these comparisonsare tabulated in Table 3.10, which
shows that BGA from Thermaoactinomyaes vulgaris was ranked best. Family of
BGA sequencesall into four major subfamiliesthat is re ected in the sequences
of the -hairpins, therefore we have selectedthe query -hairpin as the best
becauseof its known structure.

Finally, BGA -hairpin amino acid sequencesvith necessaryfeatures were
converted to a DNA sequencesccordingto the most favoured codon usagein
Escherichiacoli using a Perl script. Di erent nucleotide sequencehat codesfor
more than one copy of the repeat are producedby assigningthe secondor third
most favoured codon usagefor the -hairpin amino acid sequenceThe DNA and
protein sequencesire shown in Figure 3.15.

3.1.7 Mo del structure of 3 repeat proteins

Comparative models are useful to get a rough idea where the alpha carbons of
key residuessit in the folded protein. They can guide mutagenesisexperimerts,
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>HSC-1 gene

GGAATTCATATG AT TAAAACCCGCAGCCAGCTGATEABESCTGGA
TGAACAGCAGTGGGAACAGGCGGCGGATACGCGAACTGGCTTICTGSACCCGAA
CAAC CTCGAGG
G

>HSC-1 protein
MGNIKTRSQLMVQQLDEQQWEQAADTVRKIDHFNN

>HSC-2 gene
GGAATTCATATG ATCAAGACGCGTTCGCAATTGATEARCATTGGA
CGAGCAACAATGGGAGCAAGCCGCCGACKUGAMGTTGGTTTATGGACCCAAA
TAATATTAAAACCCGCAGCCAGCTGATGGEGEETGGATBACAGRAGTGGAACA
GGCGGCGGATACCGTGCGCAAACTGCGETIZACTTGAACAC

CTCARGG

>HSC-2 protein
MENIKTRSQLMVQQLDEQQWEQAADTVRKIOFNNK TRSQLMVQQDEQMEQAAD
TVRKLRFIDPNM

>HSC-3 gene

GGAATTCATATG RAGACTCGGTCCCAGTTAATGGAGCASTTAGA
CGAACAGCAGTGGGAACAGGCAGCAGACXCGGAGTTAGGTTATAGACCCTAA
CAAATCAAGACGCGTTCGCAATTGATGGRCAATT GGACBGCARAATE&GAGCA
AGCCGCCGACACGGTTCGTAAGTTGCGTTGBACICAAATATATTAAAAC CGCAG
CCAGCTGATGGTGCAGCAGCTGGATGAAGAGGAACAGGGGCGATACGTGCG
CAAACTGCGCTTTCBGACCCGAACAAC

CTCGAGGG

>HSC-3 protein
MENIKTRSQLMVQQLDEQQWEQAADTVRKIFRNKTRSQLMVQQ@DEQAQVEQAAD
TVRKLRFIDPNNKTRSQLMVQQLDEQQWEQAXRK RFLDPNN

Figure 3.14: The DNA and protein sequences of HSC deriv ed -hairpin.
The colour codesindicates N cap in cyan, -hairpin in green,turn in magera
and sohating helix sequences yellow. For DNA sequenceshe Ndel and Xhol
restriction sites are displayed with an underline. Additional nucleotides(black)
required by the restriction enzymesfor e ective digestion are also displayed at
both the termini of the genes
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>BGA-1 gene

GGAATTCATATG AGCCGCGATCTGTATCATGTGGCGREBITATTGC
GGCGGGCGATGTGGATAGCGCGAACCCGEMARTCTGEGAALSTGSACCCGAA
CAAC TGACTCGAGG
G

>BGA-1 protein
MENSRDLYHVANAFIAAGDVDSANRSLDY MERRNMN

>BGA-2 gene
GGAATTCATATG TCGCGTGACTTGTACCACGTTGCGXXATTATCGC
CGCCGGTGACGTTGACTCGGCCAATCGTBBATIRCTTGGECAAGTTGACCCAAA
TAATAGCCGCGATCTGTATCATGTGGCGABTGIA TGCGGGGGGATGTGGATAG
CGCGAACCGCAGCCTGGATTATCTGGCGBBAGTGAACAC

TGACTCAGGG

>BGA-2 protein
MGNSRDLYHVANAFIAAGDVDSANRSLDYMERPNNRDLYWANARAAGDVDSANR
SLDYLAK\DPNN

>BGA-3 gene

GGAATTCATATG TCCCGGGACTTATACCACGTCGCEMITCATTGC
AGCAGGGGACGTCGACTCCGCAAACCCGHEGATIRCTTAGRAAAGTASACCCTAA
CAAOCGCGTGACTTGTACCACGTTGCCARTECACGCCGCGGBACGTGACTC
GGCCAATCGTTCGTTGGACTACTTGGCCARAEBITTAAATATAGLCGCGACTGTA
TCATGTGGCGAACGCGTTTATTGCGGCGGGTGATAGCGEGGAACGCAGCTGGA
TTATCTGGCGAAAGBGACCCGAACAAC

TGACTCGAGGG

>BGA-3 protein
M SRDLYHVANAFIAAGDVDSANRSLDYMEHPNNSRDLYWANARAAGDVDSANR
SLDYLAK\DPNNSRDLYHVANAFIAAGDVDSRISLDY_AKVDPNN

Figure 3.15: The DNA and protein sequences of BGA deriv ed -hairpin.
The colour codesindicates N cap in cyan, -hairpin in green,turn in magera
and sohating helix sequences yellow. For DNA sequenceshe Ndel and Xhol
restriction sites are displayed with an underline. Additional nucleotides(black)
required by the restriction enzymesfor e ective digestion are also displayed at
both the termini of the genes
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3.2 Exp erimen tal analysis

or hypothesesabout structure-function relationships. Therefore,we modeledthe
3 repeat proteins from ead of the v e hairpins selected,and are shavn in Figure
3.16and Figure 3.17.

The angle betweenthe two helicesof a single repeat unit, angle betweenthe
two juxtap osedrepeat units, curvature of the 3-repeat superhelix, radius of the
superhelicalaxis, and the direction of the polypeptide chain alongthe superhelical
axis are comparablewith those of known and designedTPR structures. From
this it is obviousthat theseproteins have the propensity to form the stadkked TPR
units.

3.2 Exp erimen tal analysis

To ewaluate the expressionability, extert of solubility, foldability and stability of
internally duplicated -hairpins, we constructed the semi-synhetic geneswhich
place eah of the 15 genesunder the cortrol of the T7 promoter, with a N-
terminal 6 his tag. The predicted biophysical properties of these 15 proteins
are tabulated in Table 3.11.

There are 20'%° possible sequencedor a domain of 100 residues,and only
a negligible fraction of thesewill be able to fold, let alone display a biological
activity. Therefore, we tested the expressionability and solubility of eat of
these 15 proteins. Results of these experimerts are shovn in Figures 3.18A-
3.22A. Following induction in E. coli, ead of the proteins are clearly visible on
Coomassie-stainedricine-urea-SDS-RAGE gelsasshown in Figure 3.18A-3.22A.
Further, we testedtheir extert of solubility by analysingthe solubleand insoluble
fraction of the cell lysate on Coomassie-stainedricine-urea-SDS-FAGE gels, as
shown in Figures 3.18B-3.22B.The proteins derived from the Tom20and RPS20

-hairpins were soluble, whereasthe proteins derived from the PLC, HSC and
BGA -hairpins were not soluble. Although BGA-3 proteins was 50 % soluble,
this fraction was aggregatingduring the later stepsof puri cation.

Soluble Tom20-1, Tom20-2, Tom20-3,RPS20-1,RPS20-2and RPS20-3pro-
teins survive proteolysisin the cell. Howewer, prolonged storage of cell lysate
and alsopuri ed protein samples,without proteaseinhibitors, did leadto degra-
dation to someextert. From a protein designpoint of view, the fact that the
theseproteins weresu cien tly stableto survive degradationby endogenougpro-
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Figure 3.16: Mo del of 3 repeat proteins with natural solvating helix.
Triplicated TPR-like -hairpins are shavn in greenand the "solvating” helices
are shavn in yellow. (A)T om20-3.(B) RPS20-3
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Figure 3.17: Mo del of 3 repeat proteins without natural solvating helix.
Triplicated TPR-like -hairpins are shavn in greenand the "solvating” helices
are shavn in yellow. (A) PLC-3. (B) HSC-3. (C) BGA-3.
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teaseqd160,16]] is a key outcomegiventhat even somenatural proteins are easily
degradedwhen reconbinantly expressedin E. coli [162 163. Degradation by
endogenougproteasess a defencemedianism usedby cellsagainst proteins that
misfold and/or are particularly unstable.

These proteins could also be readily puri ed using the conbination of ion-
excange, nickel-a nit y and gel-sizing chromatograplty and stay folded su -
ciertly not to form aggregatesiuring puri cation steps. This is demonstratedby
gel ltration experimerts, which provided no evidenceof these proteins presern
in the void volume. In particular, a single sharp peak was obsened for eadh
of these proteins and were also correspnding to a monomeric proteins as esti-
mated from a calibration plot (data not shown). It wasalsopossibleto purify the
insoluble proteins to reasonablehomogenely by nickel-a nit y chromatograpty.
Howewer, they were proven to aggregateduring refolding. The folding and sta-
bility of seweral of thesearti cial proteinswere assessedsing various biophysical
techniques.

Table 3.11. Predicted bioph ysical prop erties of the
proteins. All the proteins contains additional 20 amino acids
(2.1 KDa) as a consequencef the cloning strategy that in-
cludessix histidine residuesthat are usedasa tag.

Parent | Name Mol.  Wt. Pl
Tom20 | Tom20-1| 11 5.47
Tom20-2 | 14.7 4.77
Tom20-3| 18.4 4.50
RPS20 | RPS20-1| 10.4 11.11
RPS20-2| 14.2 10.48
RPS20-3| 17.9 10.26
PLC PLC-1 8.3 9.46
PLC-2 12.4 9.40
PLC-3 16.5 9.37
HSC HSC-1 8.2 9.40
HSC-2 12.3 9.22
HSC-3 16.4 9.10
BGA BGA-1 7.8 7.10
Continued on next page
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3.2 Exp erimen tal analysis

Table 3.11 { contin ued from previous page
Parent | Name Mol. Wt. KDa | pl
BGA-2 11.5 6.48
BGA-3 15.2 6.16

3.2.1 Biochemical characterization
3.2.1.1 CD spectroscopy

The CD spectra of Tom20-1,Tom20-2and Tom20-3proteins indicate signi cant
-helical content, with minima at 222 nm and 207 nm, as illustrated in Figure
3.23A. Howevwer, the minima shovs a modest shift upon insertion of two and
three repeats. Although the modest shift could be due to destabilization, the
overall similarity of the far-UV CD spectra of Tom20-2and Tom20-3 proteins
is in consistencewith a typical -helical protein. Similar behaviour was also
obsened for the RPS20-1,RPS20-2and RPS20-3proteins asillustrated in Figure
3.23B. Theseproteins appear to have native-like properties as assessethy other
biophysical experimerts.
The doubleminima for PLC-2 and PLC-3 proteinswerenot pronounced,PLC-
1 appearsto have a minimum at 207 nm asillustrated in Figure 3.24A. The basis
for this anomalousbehaviour is unclear. The HSC-1,HSC-2and HSC-3 proteins
appearto have modest -helicalcontent andthe typical -helicalbehaviour could
be recoveredfor HSC-3by adding10% TFE. This shavsthat HSC-1,HSC-2and
HSC-3 are more like a molten-globule (Figure 3.24B). The CD spectra for the
BGA-3 shaws a clear random-coil behaviour. Howeer, the -helical behaviour
could be recovered with 20 % TFE (Figure 3.24C). Moreover, BGA-1, BGA-2
and BGA-3 proteins visibly aggregatesat low concertrations, therefore BGA-1,
BGA-2 and BGA-3 proteins could not be further characterized.

3.2.1.2 Thermal denaturation

The commonfeaturesof many naturally occurring proteins is co-operative ther-
mal denaturation transitions. This feature appearsto be linked to the rigidity of
the protein structure. A highly cooperative thermal transition indicates a large
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Figure 3.18: Test expression and solubilit y of Tom20-1, Tom20-2 and
Tom20-3 proteins . The namesof the proteins are shavn on the top of the gel,
the two or three lines for eat protein represen the uninduced (U), induced (l),
insoluble fraction (P) and the soluble fraction (S) of the cell lysate. (A) Test
expression.(B) Solubility test.
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Figure 3.19: Test expression and solubilit y of RPS20-1, RPS20-2 and
RPS20-3 proteins . The namesof the proteins are shovn on the top of the gel,
the two or three lines for eat protein represen the uninduced (U), induced (l),
insoluble fraction (P) and the soluble fraction (S) of the cell lysate. (A) Test
expression.(B) Solubility test.
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Figure 3.20: Test expression and solubilit y of PLC-1, PLC-2 and PLC-3

proteins . The namesof the proteins are shavn on the top of the gel, the two or
three lines for ead protein represen the uninduced (U), induced (I), insoluble
fraction (P) and the soluble fraction (S) of the cell lysate. (A) Test expression.

(B) Solubility test.
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Figure 3.21: Test expression and solubilit y of HSC-1, HSC-2 and HSC-3

proteins . The namesof the proteins are shavn on the top of the gel, the two or
three lines for ead protein represen the uninduced (U), induced (I), insoluble
fraction (P) and the soluble fraction (S) of the cell lysate. (A) Test expression.

(B) Solubility test.
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Figure 3.22: Test expression and solubilit y of BGA-1, BGA-2 and BGA-

3 proteins . The namesof the proteins are shavn on the top of the gel, the two
or three linesfor eat protein represen the uninduced (U), induced(l), insoluble
fraction (P) and the soluble fraction (S) of the cell lysate. (A) Test expression.

(B) Solubility test.
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Figure 3.23: Circular dichroism spectra of the derived articial pro-
teins. The CD spectra of the arti cial proteins shavs the expected secondary
structure cortent. (A) Tom20-1,Tom20-2and Tom20-3. (B) RPS20-1,RPS20-2

and RPS20-3.
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Figure 3.24: Circular dichroism spectra of the deriv ed arti cial proteins.
The CD spectra of the arti cial proteins shavs anomalousand random-coil be-
haviour. (A) PLC-1, PLC-2 and PLC-3 proteins. (B) HSC-1,HSC-2and HSC-3
proteins with and without TFE. (C) BGA-3 protein with and without TFE.
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changein enthalpy upon unfolding and is consistem with a changefrom a rigid
folded protein to a dynamic unfolded protein.

To examinethe thermodynamic stability of ead of theseproteins, temperature-
induced unfolding transitions were measuredby monitoring the changein the el-
lipticit y at 222nm asa function of temperature (Figure 3.25). Tom20-1,Tom20-2
and Tom20-3proteins exhibit cooperative unfolding transitions, with midpoints of
thermal denaturationsof 77 C (Tom20-1),67 C (Tom20-2),and 77 C (Tom20-
3) andreasonableeversibility (data not shovn). RPS20-1,RPS20-2and RPS20-3
proteins exhibit co-operative unfolding transitions, with midpoints of the thermal
denaturations of 45 C (RPS20-1),50 C (RPS20-2),and 53 C (RPS20-3)and
reasonablaeversibility (data not shavn). We could not demonstrateco-operative
unfolding transitions for other proteins.

3.2.1.3 Trp uorescence

In order to determinethe presenceof tertiary structure in PLC-1, PLC-2, PLC-3,

HSC-1, HSC-2 and HSC-3 proteins, as they cortains Trp residues,we used Trp

uorescencespectroscoy. The Trp maximum emissionwavelength was at 349
nm for the native PLC-2 and PLC-3, which indicates a partial exposure of the

Trp indole ring to an aqueousenvironment (Figure 3.26). Upon denaturing by

adding 8 M urea, the maximum wavelength of the Trp emissionblue shifted to

around 355 nm, which suggeststhat the Trp side chain is now in a much more
sohent accessiblenydrophilic environment. When we comparethe uorescence
spectrum of the native PLC-2 and PLC-3 and denatured PLC-2 and PLC-3, we

obsene an increaseof the uorescencein the PLC-2/3 by 2 fold. This suggests
that the Trp uorescencein the native proteins is quended.

The Trp maximum emissionwavelengthwas at 350nm for the native HSC-3,
which indicates a full exposure of the Trp indole ring to an aqueouserviron-
mert. Howewer, the Trp maximum emissionwavelength was shifted to 340nm in
presenceof 10 % TFE, which suggestghat the protein beginsto fold. This was
further evidencedby decreaseof the uorescence,asillustrated in Figure 3.26.

The Trp uorescenceof PLC and HSC derived proteins is not strong enough
to show theseproteins are folded.
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Figure 3.25: Thermal denaturation of the derived articial proteins.
The temperature-induced denaturation pro les exists in two-state and are co-
operative. (A) Tom20-1,Tom20-2and Tom20-3proteins. (B) RPS20-1,RPS20-2
and RPS20-3proteins.
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Figure 3.26: Trp uorescence spectroscopy of the deriv ed articial pro-
teins. (A) PLC-1, PLC-2 and PLC-3. (B) HSC-3protein.
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3.2.2 In vitro chaperone activit y of Tom20-1/2/3

The Tom20 protein acts as a mitochondrial import receptor which recognizes
presequencend facilitates protein import into mitochondria. The chaperone-
like activity was reported previously for the cytosolic domain of natural Tom20
protein [164. Howewer, it is reasonableto assumethat, like Tom20, Tom20-2
and Tom20-3proteins are involved in binding to unfolded proteins. We, therefore
tested Tom20-1Tom20-2and Tom20-3for their ability to interact with unfolded

proteins. The unfoldedporcinecitrate synthaseduring heat-induceddenaturation

aggregates. Resulting aggregationof this protein was measuredas increasein

attenuance causedby light scattering. When Tom20-1, Tom20-2and Tom20-3
were preser in stoichiometric concetrations during the heat-incubation period,

aggregationof citrate synthase was suppresseddemonstratinga basic chaperone
activity of Tom20-1,Tom20-2and Tom20-3.
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Figure 3.27: Chap erone activit y of Tom20-1, Tom20-2 and Tom20-3 pro-
teins . Heat-inducibleaggregationof citrate synthase(CS)at 45 C in the absence
or presenceof a v efold molar excessof Tom20-1,Tom20-2and Tom20-3.
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Chapter 4

Discussion

4.1 The detection of TPRs

The detectionof homologougepeating units of TPR from solenoidrepeat proteins
is challenging becauseof lesssimilarity at sequencdevel. Currently available
resourcedike Pfam, SMART and REP usestheir own databaseof pro le hidden
Markov models (HMMs) or sequenceoro les which are constructedfrom known
repeat families. Howeer, thesepro les are constructedfrom closelyhomologous
repeats; therefore, divergen repeat units often get a negative scoreand are not
consideredin computing the overall statistical signi cance, eventhough they are
individually signi cant.

The general database seart methods like BLAST and HMMER methods
which estimatesP-valuesfor repeat proteins are not explicitly usingthe distribu-
tions of scoresfor suboptimal alignmerts. On the other hand, REP usedfor the
detectionof solonoidrepeatsestimatesthe singlerepeat P-value by usingthe score
distribution of sub-optimal non-overlapping alignmernt scoresof a randomisedse-
guencedatabasebut follows Gumbel distribution wherethe tails approat zero
much slower, thereforethe P-value computedwill be lesssigni cant.

We demonstratethat for TPRs by not allowing internal gapswithin repeats,
the scoredistribution of the repeat alignment with unrelated sequence$ollows a
near Gaussiandistribution thereby, the samepositive scoreof a putativ e repeat
unit will generallyhave a much higher signi cance when comparedto a Gumbel
distribution. Hence,the restriction of ungapped repeatsincreaseshe sensitivity
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for detecting ungapped repeat families suc as TPRs, PPRs and SEL1-like re-
peats. The singlerepeat P-valuescan further be usedto include divergen repeat
units by a P-value-degenden scoreo set. Putative repeat units located near
an already identi ed repeat get a reward. This approad hasbeencoded into a
program called TPRpred.

Generally distant homologousrelationships among the proteins is often es-
tablished only by comparing the three-dimensionalstructures of the proteins,
becausethe sequencalivergencecan be solarge that simple comparisonof their
sequencedails to idertify any similarity. New generation homology detection
tools use averagedsequence®f erntire homologousfamilies in pro les to detect
su homologies.It is shavn that details of pro le calculation strongly in uence
its sensitivity in recognizingdistant homologies. The most important choice is
how to include information from diverging members of the family, avoiding false
predictions, while accourting for entire sequencelivergencewithin a family. PSI-
BLAST takesa consenrative approad, deriving a pro le from core menbers of
the family, providing a solid improvemen without almost any false predictions.
Thereforewe have taken a PSI-BLAST approad in building the optimized pro-
les through iterativ e seartiesby varying the thresholdsfor inclusion of repeats
into the prole. The best pro le is selectedfrom the pool of generatedpro les
basedon their performanceon proteins of known structure.

The performanceof TPRpred is comparedwith HMMER, a method that em-
ploys a di erent methodology for the detection of repeats. HMMER is the sear®
method usedby the Pfam and SMART domain databases.Although the primary
goal of HMMER is to idertify domains, its capability to detect repeats using
emphiric thresholds has drastically improved the annotation quality of repeats
in new sequences.Comparisonof HMMER with TPRpred demonstratesthat,
TPRpred detectsmore sequencesvith E-value better than the rst falsepositive.
Howe\er, for lower selectivity TPRpred performanceis comparableto HMMER
as illustrated in Figure 3.5. The real di erence betweenHMMER basedmeth-
ods, REP and TPRpred becamevisible on STAND family menbers, and on the
known protein structures astabulated in Table 3.2 and Table 3.3. For thesesets,
TPRpred recognizedmore number of TPR-containing proteins and alsodetected
most of the individual repeats. TPRpred also detectedrepeats that are missed
by other senersasillustrated in Figure 3.6.
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The TPR family of repeats occur in extremely diverse phyla and is likely
to have originated prior to the last common ancestorof archaea, eukarya and
bacteria. TPR sequencesire extremely diverseat the sequencdevel. Although
majority of the repeats can be detected using the single sequencepro le, Pfam
sener has divided the TPRs into seweral families. Our results suggestingthat,
the uni cation of existing TPR families of Pfam into a single family.

TPRpred shons a marked improvemen over existing methods, particularly
in the detection of non-canonical,divergen repeats. We attribute this to the
exploitation of simple traits sud asthe tendency of repeatsto occur in tandem,
along with robust statistical ewvaluations and the construction of pro les by it-
erative searties. The algorithmic improvemerns of the P-value-dependert score
o set aswell asthe tight-t reward are quite generaland easily transferableto
other repeat detection approades.

4.2 Evolution of protein domains

Protein domainsare compactpolypeptide structures, generallyorganizedaround
a clearly recognizablehydrophobic coreand assaiated with a speci ¢ function or
activity. Everthough they adopt only to a limited number of folds, it is unclear
about the origin of thesefolds. whether ead fold originated just onceand prop-
agatedvia divergen ewlution or on multiple occasionsby corvergen ewlution
of structures. It is equally unclear whether someseeminglydi erent folds share
a commonancestoror whether eat aroseseparatelyin ewlution [165.

A protein fold is a simpli ed represetation of protein structure that wasorig-
inally intendedto be invariant to possibleconformational changes.The potertial
exibilit y of protein loopsand other peripheral regions,and their structural vari-
ability in homologousproteins were recogniseda long time ago. Therefore, the
fold of a protein was de ned by the composition, architecture and topology of
its coresecondarystructural elemerts (i.e. helicesand/or strands). The dis-
covery of sequenceshat can adopt alternative secondarystructures in the same
protein (chameleonsequences)thereby a ecting its composition, have already
shaken the presumedinvariance of protein fold [166 167]. Recen structures re-
vealedeven more remarkable examplesof large-scalefold variations, altering the
protein architecture and topology. Theseexamplesprovide new insights into pro-
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tein fold ewlution and may be of value in the questfor an ewlving paradigm of
changeablefold [16§.

There is an increasein the number of chameleonsequenceshat adopt two
distinct folded conformationsin native conditions. Previously, they werethought
to represemn two di erent functional states: oneis the free protein, while the other
is the ligand-bound form. Recetly, both conformationswereshownn to be at equi-
librium in ligand-freeform [165. Apart from this, the fold changesdue to some
genetic ewverts that led to the fundamertal changesin the structure of protein
domains. Insertions and deletions (indels) together with single amino acid sub-
stitutions are the most commoneerts in protein ewolution. Indels are about an
order of magnitude lessfrequert than residuesubstitutions [169170. One might
look at indels aslargely neutral or deleteriousmishapsor asvehiclesof progress:
the right indel might relax structural tensionaccunulated in the courseof amino
acid substitutions. While the true role of indelsin protein ewolution remainsto be
investigated,it is quite clearthat they o er away that can potentially leadto sig-
ni cant and even drastic structural changes[171]]. In additional to theseclassical
geneticewerts, new ewerts are discoveredrecerly. Foremostamongtheseevens
is circular permutation, which presumably occurs by geneduplication, fusion,
and partial deletion [172, which canleadto substartial changesin the topology
of a protein fold. Evidencefor past intragene duplications causingshort repeti-
tions within proteins and giving rise to new structural variants is alsocompelling.
Finally, illegitimate reconbination, occurring betweenunrelated genesalsoleads
to new folds wherethe reconbined parts prove structurally compatible [165.

More fundamenal and challenging questionis the ewlutionary origin of the
domain itself. Perhapsthe earliest ewlutionary unit corresppnded to a much
smaller structural unit than a domain and the modern domain folds might have
ewlved from peptide ancestors[165 79. By applying structure similarity de-
tection method to detect instanceswhere localized regions of di erent protein
folds cortain highly similar sequencesnd structures, an all-on-all comparison
of known structures resulted in the numerousinstancesof local sequenceand
structure similarities within di erent protein folds, together with evidencefrom
proteins containing sequenceand structure repeats, favoured the argumen of
the ewlution of modern single polypeptide domainsfrom anciert short peptide
ancestorscalled antecedem domain segmets (ADSS). In this model, anciert pro-
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tein structures were formed by self-assemling aggregatesof short polypeptides.
Subsequetly, and perhaps concomitartly with the ewlution of higher delity
DNA replication and repair systems,single polypeptide domainsarosefrom the
fusion of ADSs genes. Thus modern protein domains may have a polyphyletic
origin [165.

The four possibleewlutionary scenariosfor the ewlution of sequenceand

structure-similar protein fragmerts in non-homologougrotein folds [169.

Under functional constraints nature could have inverted the sequenceand
structure-similar protein fragmerts morethan onceby convergence. How-
ewer, there is oneproblemwith this ewlutionary route. Many proteins have
similar functions with no molecularsimilarities at all. It is very likely that
di erent folds, once ewlved, have cornvergedto similar functions by more
convertional ewlutionary ewvens, sud aspoint mutations [165.

A secondpossibility is that sequence-and structure-similar protein frag-

merts presei in di erent folds, have arisenby div ergence. After descend-
ing from their ancestorsthe divergen ewlutionary medanisms, sud as
permutations, deletions,insertions, and rearrangemets, might accoun for

the drastic changein the variable regionsof the folds while retaining the

coreof their ancestors.This might have resultedin commonsequenceand

structure-similar protein fragmerts with di erent folds. Howeer, there are

no obvious divergen ewlutionary medanismsthat might accoun for many

of the obsened fold di erences [165.

A third ewlutionary medanismis thought to be dueto partial duplication
of one geneand subsequenreconbination within a domain-freeregion of a
secondgene.In many instances,partially duplicated genemight have been
inserted into another domain by reconbination within a domain encaling
region of the secondgene[165.

A fourth possibility explains the ewlutionary origin of domain itself. In
this scenario,the single-dhain contemporary domainsarosefrom the fusion
of more anciert mini-genesthat encaled sequence-and structure-similar
protein fragmerts. Therefore many of the core folds obsened today may
contain homologousbuilding blocks. Peptidesforming thesebuilding blocks
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might not have in themselhes,the ability to fold, but might have emergedas
cofactorssupporting RNA-basedreplication and catalysis \RNA world").
Their assaiation into larger structures and evertual fusioninto polypeptide
chains would have allowed them to becomeindepender of their RNA scaf-
fold, leading to the ewlution of a novel type of macromolecule:the folded
protein [79].

In the protein world, living fossils are the moleculeswhoserole in cellular
processess so certral that further modi cation has becomenearly impossible.
They are essetially frozenin time. Ribosomeis the certral componernt in protein
syrthesis; it emergedearly in the ewlution of life and was essetially xed at
the time of the last common ancestor. Correspndingly, the core complemen
of ribosomalproteins is more than 40 % identical betweenall living organisms.
The crystal structures showv that only few ribosomal proteins are fully folded;
many have folded domains'sprouting’ from a part of the polypeptide chain which
lacks secondarystructure and is tightly assaiated with the RNA, while some
proteins have neither folded structure nor any secondarystructure. Cumulatively,
this scenariois one of the progressie structural emancipation, from complete
dependenceon the RNA template to nearly a full independen snapshotof the
time when proteins learnedto fold [79].

We have discovered the sequenceand structure-similar protein fragmerts in
the ribosomalprotein S20(RPS20) from Thermus thermophilusthat resenbles
the repeating units of TPRs and attempted to build TPR-like domain by rep-
etition of this fragmert. Our results provides the evidencethat hints at the
ewlutionary origin of domain by constructing new TPR-like domains from the
sequenceand structure-similar -hairpins from di erent folds. We have shavn
that computational methods canreliably detectthe remnarts of anciert peptides,
which have beenusedby nature in building di erent folds. Experimentally, we
have demonstratedthe role of repetition in the ewlution of novel protein domains
by simply duplicating the -hairpin fragmerts which are similar in both structure
and sequencdo the TPR repeating unit. Theseproteins appear to have stable
structures, and have featurestypical to the naturally occurring proteins (Figure
3.23, Figure 3.25and 3.27). Tom20and RPS20 -hairpin derived proteins have
temperature melts typical to the tightly paded proteins as illustrated in Figure
3.25.
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Table 4.1: Summary of experimental results. The cell in the Table where
the particular experimert cannot be carried out or doesnot make any senseare

empty.
Parent | Proteins | CD spectra | Thermal Fluorescence Verdict
Denatura- Spectra
tion
Tom20 | Tom20-1| -helicallike | Cooperative Native-like
Tom20-2| -helicallike | Cooperative Native-like
Tom20-3| -helical like | Cooperative Native-like
RPS20 | RPS20-1| -helicallike | Cooperative Native-like
RPS20-2| -helicallike | Cooperative Native-like
RPS20-3| -helicallike | Cooperative Native-like
PLC PLC-1 Anomalous | Non- Unfolded
coopearive
PLC-2 Anomalous | Non- Shift Unfolded
coopearive
PLC-3 Anomalous | Non- Shift Unfolded
coopearive
HSC HSC-1 Random-coil Unfolded
HSC-2 Random-coil Unfolded
HSC-3 Random-coil Shift Unfolded
BGA BGA-1 Random-coil Unfolded
BGA-2 Random-coil Unfolded
BGA-3 Random-coil Unfolded
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The solution properties of the designedproteins are summarisedin Table 4.1,
which are directly correlating with the statistical signi cance of their parert -
hairpins likely to be TPR repeating unit (Table 3.5). Six proteins (Tom20-1/2/3
and RPS20-1/2/3) behave like natural proteins, whereasother proteins (PLC-
1/2/3, HSC-1/2/3 and BGA-1/2/3) completelybehare like random-coils. In ead
of thesecaseswvherethe proteins behaviour is morelike natural proteins (Tom20-
1/2/3 and RPS20-1/2/3), the parert domainsare mainly madeup of an -hairpin
with an extra "solvating” helix (Figure 3.8). Minimal characteristics feature of
these domains might be advantageousto ewlve as a hew TPR-like domain by
duplication. Theseresults are consisten with the notion that ewlution drives
from simplicity to complexity [82]. More detailed comparisonof theseproteinsto
the naturally occurring TPR proteins must await high-resolutiondetermination of
the structure for oneof theseproteins. In cortract, the remainingthree -hairpins
were already a part of a complex protein structures (Figure 3.9) therefore, it is
lessprobable that they would ewlve into new TPR-lik e domains.

The results descrilked here establish that new domains can be constructed
from the protein fragmerts that are similar to a repeating unit of atarget domain.
Theseencouragingresults suggestthat it is possibleto make a domain of interest
from the set of smaller structural motifs.
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