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ABSTRACT

The extant coelacanths have a close resemblantieet@oelacanth fossil records
dating back to 230mya. Like their predecessorsgttiant coelacanths inhabit rocky
caves at a depth of 100-300m below sea level.drCbimoros, the water temperature
at these depths is estimated to fluctuate betwde®01C. High-level adaptation to
these environment and lack of competition are thoutp have led to the
morphological uniformity and slow change throughthé history of the coelacanths.
Under stress conditions, proteins unfold or misféédding to the formation of
aggregates. Molecular chaperones facilitate theecbrfolding of other proteins so
that they can attain a stable tertiary structuneaddition, molecular chaperones aid
the refolding of denatured proteins and the dedmadaof terminally misfolded
protein after cellular stress. Heat shock protdorsn one of the major classes of
molecular chaperones. Here we show that, despite-level adaptation to a unique
habitat and slow change, the genome of the codla@utodes the major and highly
conserved molecular chaperone, HspI@timeria menadoensisaand Latimeria
chalumnaecontain intronlesshsp70 genes encoding Hsp70 proteins archetypal of
known Hsp70s. Based on the coelacanth codon usagbave shown that bacterial
protein expression systems, particuldgycherichia coli may not be appropriate for
the overproduction of coelacanth Hsp70s and coethcproteins in general. Also
interesting, was the discovery that like the rat s thel.. menadoensislsp70 could
not reverse thermal sensitivity in a temperate iseasE. coli DnaK mutant strain,
BB2362. We also report the successful isolatioa @f2 kb region of. menadoensis
hsp70 upstream regulatory region. This region contaire¢hputative heat shock
elements, a TATA- box and two CAAT-boxes. This datory region resembled the
Xenopus mouse, and particularly tilaptasp70 promoters, all of which have been
shown to drive the expression of reporter genes Imreat dependent manner. Taken
together, this data is the first to strongly sugges inducible Hsp70-base
cytoprotection mechanism in the coelacanth. Ithiertprovides basis to formulate
testable predictions about the regulation, strectamd function of Hsp70s in the

living fossil, Latimeria
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Chapter 1

Chapter 1

Literaturereview

1.1 A COMPREHENSIVE REVIEW OF THE BIOLOGY AND MOLECULAR BIOLOGY OF

THE COELACANTH
1.1.1 Coelacanth discoveries and population biology

Coelacanths were thought to have become extinaite8® 70 million years ago (mya),
when they disappeared from the fossil record. g this period, there appears to
have been around 80 species of coelacanths in d&aeand four families during the
period extending from 350 to 70 mya (Heemstra, 2001 1938, a coelacanth was
trawled near East London, South Africa and narh@etimeria chalumnae after its
discoverer, Marjorie Courtney-Latimer (Smith, 1939) second fish was caught off
Anjouan Island in the Comoros in 1952 followed bgrenthan one hundred subsequent
catches in the region (Smith, 1953; Heemstra, 20Chelacanths have also been
discovered off the coast of Manado Tua Island, \Bet& Indonesia. In September 1997,
Mark Erdmann and his wife saw and photographedlathat was later identified as a
coelacanth in the fish market in Manado Tua. Subsegto this sighting, the second
Indonesian coelacanth was caught North of Manada dind was namedatimeria
menadoensis (Erdmann et al., 1998; Pouyaudet al., 1999). Two further Asian
coelacanths were later sighted by Fricke and cd«@rsr southwest of Manado Tua
(Frickeet al., 2000).

The first discovery of a live coelacanth populatadhthe South African coast occurred in
November 2000, when recreational divers found thoeelacanths in the underwater
Jesser Canyon at Sodwana Bay at the depth of 1deemstra, 2001). Surveys by the
African Coelacanth Ecosystem Program (ACEP) haeatified a total of 25 coelacanth
individuals (Sink and Scott-Williams, 2005). OtlAdrican coelacanth catches have been

reported off the coasts of Mozambique, Madagagaarzania and Kenya (Schaetlal.,
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2005). Investigations into the relatedness of thestEAfrican coelacanths using
mitochondrial DNA sequence and microsatellite DNAnfi 47 coelacanth individuals
suggested that the scattered groups of Africanracaaths might have come from a single
remote population, possibly the Comoros or othémnomwn habitats in the Indian Ocean
(Schartlet al., 2005).

1.1.2 Preservation of tissue material

A major difficulty with functional studies on theoelacanth is the lack of coelacanth-
specific biological systems. Despite the capturevar 180 coelacanths (Heemstra, 2001,
Fricke and Hissmann, 1990), appropriate tissue epvation has been problematic,
mainly due to the fact that the habitat and distidn of both African and Indonesian
coelacanths coincides with some of the pooresiaost undeveloped communities in the
world. Consequently, most of the stored tissueispens are unsuitable for molecular
research because of the time lag between an ataidm=tch and the preservation of the
tissue, as well as the use of unsuitable preservatiethodsSome of the best-preserved
material was reported in 1992 which included tisBoen a gravid female with 26 late-
term fetuses that was caught off the coast of Mdmque. Frozen tissue samples from
this catch were donated to the JLB Smith Instiaftiehthyology in Grahamstown, South
Africa, and the Max-Plank-Institut fir Verhaltenggiologie in Seewiesen, Germany
(Fricke, 1992)..

1.1.3 Etymology and evolutionary significance

The genus nam&oelacanthus means “hollow spine” and refers to the hollow raéand
haemal spines of the vertebrae that connect ttuthdar bones supporting the upper and
lower caudal-fin rays (Heemstra, 2001). Notably @klacanths, extinct and extant,
possess these hollow spines, as well as other erfeptures compared to other living
fishes. These include the extra lobe on their talred lobed fins, a vertebral column
that is not completely developed, and a fully fimeal intracranial joint (Forey, 1988).
The coelacanth is a good example of a specieshdatevolved and adapted while
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retaining the characteristic features of its araresfThe skeleton of the extant coelacanth
have been found to be almost identical to thoséhefMacropoma (upper cretaceous
period: ~80 mya) anHaugia (lower triassic period: ~230 mya) (Forey, 198&ufe 1.1).

(A)
dorsal 2nd dorsal
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Figure 1.1: The skeletons of coelacanths depicting their conserved morphology. Differences in the
morphologies include the increased lobulation i ¢$lecond dorsal fin and anal fin. (Batimeria (extant
coelacanth); (BMacropoma -80 mya; (C)Laugia -230 mya. Latimeria (extant coelacanth), has a fat-filled
organ in place of the gas-filled bladder foundvMacropoma. However the basic skeletal structure of the

extant coelacanth remains unchanged relativélaoropoma and Laugia (Figure adapted from Forey,
1988).
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Severalad hoc hypotheses have sought to explain the slow ch#mgaghout the history
of the coelacanth. One such explanation came fl@Darwinian view that high-level
adaptation to certain environments and lack of csiipn may have led to
morphological uniformity (Forey, 1988). Heemstraggested thatLatimeria fits
Darwin’s description of a living fossil, since itasw the only extant member of the
coelacanths which was abundantly found 290-208 (hgemstra, 2001). Furthermore,
the coelacanth inhabits rocky caves at 100-300 lombsea level where competition is
presumably not severe (Heemstra, 2001). An alteenapproach to investigate the slow
evolutionary change might be through molecular gesgForey, 1988). However, the
application of genetics to derive a clear relatiopsbetween coelacanth evolution to
generation time or differential lineage-specifictation rate necessitates more research

on the coelacanth genome (Forey, 1988).

1.1.4 Phylogenetic studies

The evolutionary relationships of gnathostomes é@wertebrates) have been debated
for over a century. Gnathostomes fall into two majaxa: the Chondrichthyes

(cartilaginous fishes) and the Osteichthytes (bdishes). Bony fishes include

actinopterygians (ray-finned fish) and sarcopteaggi (coelacanths, lungfish and
tetrapods) (Venkatestt al., 2001).

Currently, there are three contested hypotheseshenphylogenetic position of the
coelacanth within the sarcopterygian lineage (Fedug):

(a) the lungfish is the sister group to tetrapods;

(b) the coelacanth is the sister group to tetrapods; or

(c) the coelacanth and lungfish are sister-taxaemdlly distant from tetrapods

(Venkatestet al., 2001; Brinkmanret al., 2004; Takezakét al., 2004).
Most molecular biology research on the coelacargh been aimed at resolving the
phylogenetic classification of the coelacanth. Séhenclude studies on genes encoding
coelacantha and 3 haemoglobin proteins, 18S rRNA and 28S rRNA, dytome
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oxidase subunit 1, major histocompatibility comp(&#C) class 1, 12S rRNA and 16S
rRNA, the enolase protein family and cytochromé&brf et al., 1991; Hilliset al., 1991,
Stocket al., 1991; Hedgest al., 1993; Yokobaret al., 1994; Zardoya and Meyer, 1996;
Tracy and Hedges, 2000; Meyer,1995; Stock and Swaff1991; and Meyer and
Wilson, 1990).

Tetrapods — Tetrapods

— ——Coelacanth
e Coelacanth Lungfish
Ray-finned fish Ray-finned fish

@ ®
—Tetrapods
Coelacanth

Lungfish
Ray-finned fish

©

Figure 1.2: Three possible phylogenetic relationships of tetrapod, lungfish and coelacanth lineages.

(A) The lundfish is the sister group to tetrapad, the coelacanth is the sister group to tetramous (C)
The coelacanth and lungfish are sister groups aually distant from tetrapods. (Figure adapted from
Venkatestet al., 2001and Brinkmanat al., 2004).

A close tetrapod-coelacanth relationship was ihytissurmised on the basis of
phylogenetic analysis of hemoglobin sequences. Mgn522 hemoglobin sequences
analyzed, thg3 chains of the coelacanth and thechains of theRana catesbeiana
tadpoles had the highest match. These data sudpodester-group relationship between
the coelacanth and tetrapods (hypothesis (b), €idgu2B; Gorret al., 1991), but this
conclusion was vigorously rejected by other redeans who reanalyzed the data and
came to a contradictory interpretation, where nppsut was found for the coelacanth-
tetrapod relationship (Stock and Swofford, 1991 @&tempt to solve the coelacanth
phylogenetic position using comparative analysid®® rRNA sequences resulted in a
tree with none of its relationships significantlypported at 95% confidence. The 18S
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rRNA was therefore deemed as insufficient to addrde question of coelacanth
relations (Meyer, 1995). In contrast, a comparasuady of the genes encoding 12S
rRNA and cytochrome b from the coelacanth, tetrapachgfish and frog supported the
sister-group relationship of the lungfish and tetds (hypothesis (a), Figure 1.2A;
Meyer and Wilson, 1990; Meyer, 1995). Using veraadr28S rRNA sequences, Hillis
and co-workers provided evidence for a sister-gnalgtionship between the coelacanth
and tetrapods; however, this analysis was incom@ieice it did not include the lungfish
28S rRNA. The reanalysis of the 28S rRNA data seluding the lungfish 28S rRNA

supported hypothesis (c) that the coelacanth andfish are sister taxa and equally
distant from tetrapods (Hillist al., 1991; Zardoya and Meyer, 1996). It was obviaus

this stage that a much larger data set would beleted¢o resolve the phylogenetic

classification of the coelacanth.

The complete mitochondrial genome sequences of bo#lacanth species have been
successfully used to provide evidence for themteglness. In 1997, Zardoya and Meyer
(1997) reported a complete DNA sequence oflthehalumnae mitochondrial genome.
This study revealed that the general codon usagieeofoelacanth was similar to that of
the lamprey, bichir, carp, trout, lungfish and aptwds with adenosines and cytosines
preferentially used at the third codon positionnfparison of the recently completéd
menadoensis mitochondrial sequence with that &f chalumnae revealed a 4.28%
difference between the two coelacanth species emdded an estimate of the divergence
time between the two species at 40-30 mya (Ineueal., 2005). This estimate of
divergence time was different from the 6.3-4.7 nagtimate by Holder and co-workers;
however, the latter study was only based on mitodhal fragments containing ttogt b
and two rRNA genes (Holdet al., 1999).

Phylogenetic analyses using the completehalumnae mitochondrial DNA sequence
could not clearly exclude any of the three hypatsesn the tetrapod, lungfish and
coelacanth relationship; however, it did placedbelacanth closer to tetrapods and other
sarcopterygians, than to ray-finned fish (Zardoyd Beyer, 1996). The inability of the

coelacanth mitochondrial genomes to resolve thepet, lungfish and coelacanth
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phylogenetic relationship has intensified the dedar answers in the chromosomal
genome. Phylogenetic analysis using the amino aemuence of the myelin DM20
protein supported hypothesis (a) (Figure 1.2A)t tha lungfish and not the coelacanth is
the closest relative of tetrapods (Tohyamtaal., 2000). Phylogenetic analysis of
molecular markers;ecombination activating genes 1 and 2 genesRAG1 and RAG2),
also supported a sister relationship between thgfikh and tetrapods (Brinkmamnal.,
2004). Another recent attempt to clarify the tet@p lungfish, and coelacanth
relationship came from Takezaki and co-workers vahalysed amino acid sequences
from 44 protein coding nuclear genes (Takezlal., 2004). Data from this analysis,
however, did not conclusively support any one @& three hypotheses, leading to the
conclusion that the divergence between the coetacamgfish and tetrapods probably
occurred in a very short period of time thereby mgktheir phylogenetic resolution
difficult. The authors further proposed that thersidivergence period between the three
lineages necessitated an increase in the numbeciaised for such analyses. To resolve
these phylogenetic relationships with more confogethere is a need to conduct in the
short to medium term an analysis of other inforgeatnolecular markers (loss and gain
of introns, indels, genomic rearrangements sudmassions etc.), and in the long term
whole genome sequencing (Venkatesal., 2001; Brinkmanrt al., 2004).

1.1.5 Thecoeacanth nuclear genome

The coelacanth was found to have a 48-chromosomgotiype that contained
metacentric, subtelocentric and telocentric chraneess, as well as microchromosomes.
This karyotype was unlike that of the lungfish (ethihas 36-38 large metacentric
chromosomes), but very similar to the 46-karyotpbahe Ascaphus truel, an ancient
frog (Bogard et al., 1994). Flow cytometric analysis of Comoran coafdh (.
chalumnae) blood estimated the genome size of this speci¢seotoelacanth at 2.75 pg
per 1C (C.T. Amemiya, unpublished data). This esténwas substantially smaller than
the 3.6 pg per 1C estimated from prior studies @Bdgt al., 1994; Danket al., 2004).
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A coelacanth I{. menadoensis) genomic library with average insert size of 171hds
been successfully constructed using the bacteridiceal chromosome (BAC) system.
The representation of the library was estimated Atgenome-equivalents (Dankeal.,
2004). The successful construction of this Indaarestoelacanth genomic library is
expected to bring new insight to both comparatind &unctional genomics. Data and
lines of investigation that have come out of tlesaurce include the discovery of the
menadoensis Hoxal4 gene (Powerst al., 2004),the comparative and functional analysis
of theL. menadoensis Hoxc8 early enhancer (Anare al., 2003; Shashikart al., 2004),
and the characterization bf menadoensis hsp70 genes (Danket al., 2004; Modisakeng,
data presented in thesis). The study of the prdtm@n-encoding genes was used to
evaluate the possible utility of the coelacanthagea sequence to infer the evolutionary
history of tetrapod genomes (Noonetral., 2004). The protocadherins are synaptic cell
adhesion molecules thought to provide a molecutaiednvolved in the generation of
synaptic complexity in the developing brain. Thegaumber of the protocadherin genes
and their sequences in vertebrates could be amatioin of adaptive differences in
protocadherin function with reference to the lesfebrganism complexity (Noonaat al.,
2004). The coelacanth was found to have 49 proteradencoding genes clustered in
the same manner as the 54 protocadherin-encodingsge humans. These results,
including the statistical comparisons of the ratdsmolecular evolution, strongly
suggested that the coelacanth protocadherin gemas ot undergone accelerated rates
of molecular evolution as is the case with teldisttes. If the protocadherin results are
indicative of the entire genome, the coelacantHdcte used as a genome outgroup in
tetrapod comparative sequence analyses, and a vahdidate for whole-genome

sequencing (Noonaet al., 2004).

1.1.6 Hoxgenes

The Hox genes encode transcription factors engaged in fgpegithe body plans of
metazoans (Anane al, 2003). TheHox genes are important not only due to their central
developmental function, but also because they dffsights into genome duplication

events that occurred during the evolution of modtnapods and ray-finned fishes
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(Minguillon et al., 2005). All invertebrates so far investigateddnaeen shown to have a
single HOX cluster as opposed to three to eighdtels in the major taxa of vertebrates
(Wagneret al., 2003; Minguillonet al., 2005). It has also been shown that mammals and
tetrapods have four gene clusters while the seprieynPetromyzon marinus), a jawless
vertebrate (Agnatha), has three or four HOX clissteach cluster containing up to 13
paralogous groups (Figure 1.3; Garcia-Fernandez Haliand, 1994; Holland and
Garcia-Fernandez, 1996; Foreteal., 2002; Irvineet al., 2002).Comparative analysis of
these genes and gene clusters has often beenouseehtplify the notion that at least two
rounds of genome duplication preceded modern mam@Agdaricio, 2000; Vandepoele
et al., 2004). Given the evolutionary significance of toelacanth, Koh and co-workers
used an extensive PCR survey with degenerate minter characterize the.
menadoensis HOX clusters and their gene complement in an attempatbally answer
the questions regarding genome duplication in tbelacanth and to probe into the
origins of tetrapod limbs (Kokt al., 2003).L. menadoensis was found to have 33 genes
out of a possible 52 genes organized into fourtetss Although the gene complement
was lower than the 39 genes normally found in malsntiae coelacantklox genes were
more similar in sequence to mammalldax genes than to that of ray-finned fish. Even
though the strategy used by Koh and co-workersdcaat confirm the absence biiox
genes that were not obtainable in the study oratbeolute arrangement of the genes
within the respective clusters, it provided googmurt for the notion of two rounds of
genomic duplication during vertebrate evolution likab al., 2003). In a separate report,
the L. menadoesis Hoxc8 early enhancer was isolated and shown to bearose cl
resemblance to the mouse early enhancer in batbtste and function (Anand al.,
2003; Shashikarst al., 2004).

Recent sequence analysis of themenadoensis HOX-A cluster and the horn shark
(Heterodontus francisci) HOX-D cluster revealed the presence of additiggaklogous
Hox14 genes, nameHoxald andHoxd14, respectively (Powerst al., 2004). Although
the cephalochordatmphioxus (closest extant relative of vertebrates) has glsiRlOX
cluster with a group 14 gene, the discovery oftttin shark and coelacantfox14 genes
was the first in vertebrates (Figure 1.3; Powatral., 2004). While the coelacanth and
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horn sharkHox14 genes occur in different clusters (A and D, respely), the similarity
between them is strongly suggestive of the exigteoicthe group 14 genes in the
common ancestor of the gnathostomes (Poveeral., 2004). This finding strongly
challenged the traditional view that the protovierstes possessed only Bi8x genes per
HOX cluster (Powerst al., 2004).

In an attempt to answer questions on the possittercence of moréiox genes (e.g.,
chordateHox15) an analysis of the amphioxus HOX cluster (650 kimm Hox1 to Evx
was conducted. The data from this study postuldéitatbased on the archetypal character
of a single amphioxus HOX cluster (14 genes pesteh) Figure 3A), it is improbable
that more paralogousox genes will be discovered in chordates (Minguilébal., 2005).
Recent analyses of complete HOX cluster sequemoesthe coelacanth and shark have

borne this out (C.T. Amemiya, unpublished).

1.1.7 Immune System

The MHC proteins are the first receptors in thecgmeimmune system that comes into
contact with peptides of processed foreign pro(8atz et al., 1994). Betz and co-
workers conducted studies on coelacanth genes ieigchHC class | proteins in view of
three characteristics of coelacanths: firstly,interesting evolutionary and phylogenetic
position; secondly, the fact that the Comoran amgiths live at the depths 200 m
where they have no known predators, and very litthenpetition; and lastly, the
availability of data from prior studies on verteler8HC genes made the coelacanth
MHC genes good candidates for comparative studies \attempting to determine the
tempo and nature of changes influencing the slosiugon of the coelacanth (Begtal.,
1994).

10



Chapter 1
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Figure 1.3: Evolution of vertebrate HOX clusters. (A) The structure of the amphioxus HOX clusteneT
cluster has 14ox genes and tw&vx genes. The genes at thé é&nd of the cluster pattern the anterior of
the organism’s body while theé &nd central genes pattern the posterior and deeigeons of the body,
respectively (Minguilléret al, 2005). (B) Duplication of HOXlusters and genes in the vertebrate lineage.
The occurrence of one cluster in cephalochordates faur in chondrichytes, crossopterygians and
tetrapods supports the hypothesis of two rounddupfication. The occurrence of more than four dtsst

in higher teleosts is thought to be the result mfimdependent genome duplication within the teleost
radiation (Wagneket al., 2003). When assuming the 14-gene HOX clustéhénvertebrate stem lineage,
each vertebrate HOX cluster can have a maximumdofdnes. The amphioxus cluster has no missing
genes while vertebrate clusters have lost somesgéyssuming that the phylogeny is correct, teleasts
tetrapods are thought to have independently lest Hox14 genes (Minguilléret al., 2005).

The coelacanth has at least one functioi@C gene encoding a classallchain
indicative of the possibility that the unique emmviment of the coelacanth has not led to
the underdevelopment of its immune system (Bstal., 1994). The authors further
showed that the coelacanthHC class | gene exon-intron layout was similar ta thia
mammals. In terms of DNA sequence similarity, telacanthMHC class | sequence
was much closer to amphibiagiHC gene than actinopterygian class | genes. These
findings supported prior findings that the coeldba@ncoded a functional set of genes
encoding immunoglobulin proteins (Amemigh al., 1993). However, the data on the

11
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immunoglobulin heavy chain gene locus suggestediiqua arrangement that, while
utilizing the cardinal components of the immunogillab system, was organized in a
completely different fashion than that of any otgeathostome (Amemiyet al., 1993;

Stavenzer and Amemiya, 2004).

1.1.8 Adaptation of vision to the deep sea environment

In their natural habitat, coelacanths only recevearrow band of light, approximately
480 nm (Yokoyamaet al., 1999; Yokoyama, 2000; Yokoyama and Tada, 20B0jh
species of the coelacanth have been shown to wslphkin (RH) 1 and 2 pigments to
detect colour within a narrow rang&H1 andRH2 genes were cloned and characterized
from species of the coelacanth (Yokoyaghal., 1999; Yokoyama, 2000; Yokoyama and
Tada, 2000). These studies demonstrated that petties have identical RH1 and RH2
pigments with optimum light sensitivities\ () of 485 and 479 nm, respectively,
showing detection of a narrow colour range (Yokogaanal., 1999; Yokoyama, 2000;
Yokoyama and Tada, 2000). Compared to correspondmtigplogous pigments, the
maximum absorption of the coelacanth RH1 and RHfinpnts is shifted by 20 nm
towards blue (Yokoyama and Tada, 2000). Ten amumb eéhanges have been shown to
shift the maximum absorption of visual pigments rhgre than 5 nm. Among these,
D83N, E122Q, M207L and A292S are prevalent in Bigfimaximum absorption of the
RH1 and RH2 pigments in vertebrates. The E122Q/828ad E122Q/M207L changes
were used to explain the 20 nm shift in the maxinab®sorption of the coelacanths RH1
and RH2 pigments, respectively (Yokoyaetaal., 1999; Yokoyama, 2000; Yokoyama
and Tada, 2000). Most animals use ultraviolet (Uyht for activities such as foraging,
mate selection, and communication (Shi and YokoyaRG03). Short wavelength-
sensitive type 1 (SWS1) pigments absorbing lighkimally at 360 nm mediate UV
vision. When UV light is unavailable or not necegsthe gene encoding the SWS1
pigments can be lost or become nonfunctional (Sid & okoyama, 2003). The
coelacanth appears to have lost the SWS1 pigmentsuather modified the RH1 and
RH2 pigments to detect light between 479-485 nnkf¥fama and Tada, 2000).

12
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1.1.9 Theendocrine system

Proopiomelanocortin  (POMC) is the precursor of augr of proteins such as
adrenocorticotropin (ACTH)B-lipotropin (3-LPH), melatropin and3-endorphin (EP)
which are closely associated with the responser&ass and environmental adaptation
(Takahashet al., 2001). The diversity of POMC is suggested toehaecurred as a result
of the POMC gene evolution events including POMQgyénternal duplication, or
insertion and deletion in the region encoding thdomains. The evolutionary
significance of POMC also comes from the fact titais the first gene of the
adrenohypophysial hormones shown to be present alaases of vertebrates (Takahashi
etal., 2001).

Little is known about the components of the coaltita endocrine system. However,
structural characterization of hormones derivednfihe POMC ofL. chalumnae has
been reported (Takahas#i al., 2003). The interest in the structure of the hmwes
derived from the coelacanth POMC was sparked byrebsions that the coelacanth’s
pituitary basal structure was significantly diffetefrom that of the ray-finned fish,
cartilaginous fish and lampreys (Takahashi al., 2003). Reverse-phase high
performance liquid chromatography, amino acid seqimg and mass spectroscopic
analysis of an extract from the pituitary glandntiged several melanocyte-stimulating
hormones (MSH) including alpha-MSH, N-Des-acetylra-MSH, beta-MSH, and an N-
terminal peptide containing gamma-MSH. In additiargorticotrophin-like intermediate
lobe peptide (CLIP) and N-acetyl-beta-endorphin [ENvere identified (Takahaslet
al., 2003).Phylogenetic analysis of these peptides revealedctiexistence of putative
tetrapod-type and fish-type molecules in the caelidt POMC perhaps indicative of the
coelacanth’s phylogenetic intermediate positiowieen fish and tetrpods. For instance,
the gamma-MSH and CLIP molecules showed high siityilédo amphibians and birds,
while the beta-END was most similar to the sturgeeptide and the alpha-MSH was
highly similar to mammalian alpha-MSH. The conalusidrawn from the coelacanth

POMC study was that the molecular design of thdacaath putative POMC closely
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resembled the tetrapod’s POMC while its amino agduences is a mixture of types
found in fish and tetrapods (Takahastal., 2003).

14
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12 PROTEIN FOLDING AND THE MOLECULAR CHAPERONE MACHINERY

1.2.1 Protein foldingin vivo and in vitro

The highly crowded and complex cellular environnremiders most proteins incapable of
correct folding, obligating some form of machinéoyassist correct protein folding (Ellis,
2001). Using folding assays of chemically denatymedein, Anfinsen (1973) established
that the information to direct the folding of a yoéptide chain was embedded in its
primary amino acid sequence. The process of prdtdding can be described in two
steps. In the first step, the folding of the polyti@e chain is driven by the inherent
nature of the polypeptide chain to place the hydodgic amino acid side-chains into the
core of the protein removing them from contact wite aqueous solution (Hartl, 1996;
Frydman, 2001). The first step of polypeptide folglialso involves the formation of
secondary structure such aselices and3-sheets. In the second step of folding, the
interaction of secondary structures results in fibvenation of tertiary structures and

finally a folded and functional protein (Hartl, %rydman, 2001).

Protein foldingin vitro is to a large degree not an ideal modeliforivo protein folding.
However, it has advantages since it can be easdgipulated for a wide range of
biophysical parameters to provide crucial clartiima about the kinetics of protein
folding pathways, (Fink, 1999). Thesevitro studies on protein folding are done at high
dilutions and low temperatures in homogeneous ¢amdihat do not relate to the highly
heterogeneous interior of a cell (Frydman, 200h)s phenomenon has been exemplified
by the finding thain vitro refolding of lysozyme decreases by 40% in the gmwes of
crowding agents such as Ficoll when compared toyigld of refolded lysozyme in the

absence of crowding agents (van der Batig., 2000).

The interior of theescherichia coli cell has been shown to contain protein concentrati
of up to 300 mg/ml (Zimmerman and Trach, 1991) Itesy in the cytoplasm not
behaving as an ideal fluid and influencing the kogeof folding and reactions associated

with folding. Exceeding the optimal level of macroecular content for extended

15



Chapter 1

periods of time results in aggregation of nativd/annon-native proteins (Minton, 2000;
van der Bergt al., 2000).

Another aspect of protein folding in the cell re&ato the vectorial synthesis of proteins,
wherein the N-terminus of the synthesized polymlpis the first to emerge from the

ribosomes while the C-terminus is synthesized. dugrof proteins termed “molecular

chaperones” bind the protein as it emerges fromibflzsomes to avoid its misfolding and

aggregation (Hartl, 1996; Frydman, 2001).

1.2.2 Themolecular chaperone

The function of a protein can only be successfubnvthat particular protein is correctly
folded and is localized in its cellular compartmentit is secreted (Smitéat al., 1998).
Failure of the protein to fold correctly may resint patho-physiological condition or
even be lethal to the cell (Ellis and Pinheiro, 200'he misfolding and aggregation of
polypeptides into amyloid is characteristic of ap@mately 20 protein deposition
diseases including type Il diabetes, Alzheimersedse and Parkinson’s disease (Stefani,
2004).

Laskey and co-workers first used the term “molecalzaperones” to describe proteins
called nucleoplasmins (Laskey al., 1978). The binding nucleoplasmins to histones
allows only selected specific interactions to ocdwetween histones and DNA.
Subsequently, Ellis (1987) proposed the term “mdesc chaperones” to depict a
category of cellular proteins which interact witbrtain other proteins to ensure their
correct folding and assembly into oligomeric staues. Heat shock proteins, particularly
the 70 kDa heat shock proteins (Hsp70s), were stiggeo fall within the class of such
proteins (Ellis, 1987). There is now mounting evice to the role of this class of proteins
as a “regulatory element of cellular networks” oidaion to their function as molecular
chaperones & et al., 2005). During stress conditions, chaperones desetiand
disable protein, signaling and transcriptional reks to offer more protection to the cell

(Soti et al., 2005). The functions of molecular chaperones ateonly restricted to their
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role in stress. Under normal conditions, molecglaaperones play an important role in
protein translocation, signaling and cell divisiand differentiation (&i et al., 2005).
Molecular chaperones, particularly heat shock [mmptare also known to facilitate the
degradation of highly misfolded protein by deliveyito the proteasomal or lysosomal
pathways (Shimt al., 2005)

Hsp40, Hsp60, Hsp70 and Hsp90, named accordingetormolecular weights, are major
classes of molecular chaperones. Not only do theaeshock proteins interact with their
substrate proteins but also interact amongst theesérming protein-folding networks

at some stages of protein folding in the cell (Fib®99).

1.2.3 Hsp90 system

The Hsp90 family of proteins is one of the mostratant cytosolic proteins, forming 2%
of the yeast cytosolic total protein during grovatmormal temperatures and is further up
regulated under heat shock condition (Buchner, 1%#planet al., 2003). A study
conducted irDrosophila malanogaster and the recombinant inbred lines Arfabidopsis
thaliana, have revealed that the inhibition of Hsp90 fumetiresulted in a range of
phenotypes, in a manner dependent on underlyingtigemariations (Rutherford and
Lindquist, 1998; Queltscht al., 2002). Based on these studies Hsp90 was sudgieste
buffer genetic variations in morphogenetic pathwéystherford and Lindquist, 1998;
Queltschet al., 2002).

The interaction between Hsp90 and Hsp70 is medibied tetratricopeptide (TPR)-
containing Hsp70/Hsp90 organizing protein (Hop) €&kt al., 1996; Hernandeet al.,
2002; Wageleet al., 2003). Hop has three TPR domains of which TPR#idbHsp70
while TPR2a binds Hsp90 (Odunugaal., 2003; Songet al., 2005). The TPR2b domain
of yeast Hop has recently been shown to have qyarg or redundant functions with
the TPR1 domain (Flonet al., 2006). The interaction between Hsp70 and Hs90 i
necessary for the folding and conformational retiutaof eukaryotic proteins such as

steroid hormone receptors and several signal tremtiech proteins. These findings
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suggested that Hsp90 is a dedicated chaperoneetnaiped proteins (Youngt al.,
2001; Basset al., 2002).

Hop was demonstrated to inhibit the ATPase actiatyHsp90 and simultaneously
increase the Hsp70 ATPase activity. The effect op lén Hsp90 and Hsp70 ATPase
activities is thought to be critical to its role faxcilitating the delivery of substrates from
Hsp70 to Hsp90 (Richtex al., 2003; Wagelet al., 2003).

1.24 Hsp70 system

Hsp70s exist in almost all organisms and are ofiteimd as several homologues, with
some restricted to particular cellular compartmeMsmmalian Hsp70s include the
inducible Hsp72 and the constitutive cytosolic Hgalso known as Hsp70 and Hsc70,
respectively), the mitochondrial Hsp70 known as spFD/glucose regulated protein
(Grp) 75, and the endoplasmic Hsp70 known as Grpiié, Grp170 (Fink, 1999). The
Saccharomyces cerevisiae cytosolic Hsp70s include Ssal-4 and the ribososseaated
Hsp70s called Ssbl, Ssb2, Pdrl3, Ssz, and Ssee(Tdhl Wagelest al., 2003). While
both the Hsc70 and the inducible Hsp70 are collelstireferred to as Hsp70s, different
genes encode these two proteins. Hsc70 proteinsnamaded by intron-containirggp70
genes whereas Hsp70 proteins are to a large egtertded by inducible, intronless,
hsp70 genes. The intronless feature of inducibgp70 genes plays an important role
during the stress response since the mRNA spligiaghinery is inhibited by stresses,
such as heat (Yost and Lindquist, 1986; Vagal., 1995).

In protein folding, Hsp70s play three critical rel€i) prevention of protein aggregation,
(i) promotion of protein folding to attain the nag¢ state and (iii) the solubilization and
refolding of aggregated proteins (Mayer and Buk£@5). To prevent the aggregation of
proteins, Hsp70s and their co-chaperones, Hsp4@p4@$ are discussed in section
1.2.5), associate with exposed hydrophobic patatfeshe unfolded substrate thus
preventing non-specific intermolecular interactiomkis activity of Hsp70s is described

as “holder” activity. The ability of Hsp70 to agspotein folding has been described in
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two possible mechanisms. In the first model, theumeng binding and release of non-
native substrate protein decreases the concemtrafionfolded protein in the cell thus
decreasing chances of aggregation and allowing umbg@rotein to fold to the native

state (Mayer and Bukau, 2005). In an alternativel@hdhe repetitive binding and release
of non-native substrate protein causes the locflding of misfolded substrate to allow

another attempt at productive folding, an abiligsdribed as “local unfolding” activity

(Mayer and Bukau, 2005).

The role of Hsp70 in protein folding has been shoovimclude not only the prevention of
protein aggregation but also to dissolving prefalrpeotein aggregates (Schlielaral.,
2004). DnaK (prokaryotic Hsp70) has been showrotiperate with Hsp104 to solubilize
malate dehydrogenase aggregates (Schliekat., 2004). This finding was consistent
with a prior proposal by Goloubinoff and co-workéhat protein disagregation could be
a two-phase reaction. In the first phase, aggregatetein would be solubilized by the
combined effort of Hspl04 and the Hsp70 system KDn@naJ and a nucleotide
exchange factor, GrpE). In the second phase, tipyMsystem aids the folding of the
solubilized protein (Goloubinoft al., 1999).

In addition to their role in protein folding, Hsp¥(thave been shown to aid the
degradation of terminally misfolded proteins bynsgerring them to the ubiquitin
proteasome degradation system (Lucdtid., 2000). CHIP (Carboxy terminus of Hsp70-
interacting protein) which contains a TPR domaim @& U-box has been shown to
cooperate with Hsp70 to induce ubiquitination opHA3 substrates proteins (Shanal.,
2005). Futhermore, CHIP was reported to be an Euitin ligase able of driving the
ubiquitination of Hsp70 substrate proteins in adXldepend manner (Jiamgal, 2001).
Although the U-Box has been linked to proteasonmatgin degradation, there is now
evidence also linking the U-box to lysosomal pnotdegradation pathways (Shehal.,
2005). HspBP1 is a nucleotide release factor of/ldpat displays expression levels and
tissue distribution similar to that of CHIP (Rayresd Guerriero, 1998). Furthermore,
HspBP1 has been found to form ternary complexesiwiniclude Hsp70 and CHIP. In

these complexes, CHIP ubiquitin ligase activitynisibited resulting in increased folding
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of substrate proteins through the Hsp70 or Hsp%fesys (Albertiet al., 2004). Taken
together, these findings suggested a system wh€idiR redirected Hsp70 from protein
folding to protein degradation and wherein HspBRa&viged a means of balancing
protein folding and degradation by inhibiting CHWlberti et al., 2004).

The secretion of most mammalian proteins begind wlieir translocation into the
endoplamic reticulum (ER), a process that requihes Sec61p protein complex as a
translocase. The ER provides a site for the syighdslding, and assembly of the
secretory pathway proteins (Tyedmetsal., 2003). The ER resident members of the
Hsp70 family of chaperones, BiP and Grpl70, havenbghown to be involved the
translocation of pre-proteins into the ER (Hamnwiral., 1998). Additional to this
function, BiP has also been shown to bind the $sexgrgathway protein to prevent their
premature transport from the ER and to aid thddifig and assembly (Tyedmessal.,
2003). BiP has also been demonstrated to targéoloesl proteins for the ER associated
protein degradation (Knittlegt al., 1995). To carry out these functions, BiP hasnbee
shown to require co-chaperones and co-factorstaictiag with the ER resident Hsp40
family of co-chaperones such ERjlp-ERj5p, and BBHP (associated mtein) the ER
resident nucleotide exchange factor (Chang ., 2002).

During the translocation of mammalian proteins ssrihe ER membrane, BiP is thought
to be recruited to the Sec61p complex throughntsraction with Erj2p (Sec63p), a
member of the Sec6lp complex (Brodsityal., 1995; Tyedmerst al., 2000). This
proposal is interesting in view of the report tis#c63p and Kar2p (BiP homolog in
yeast) are required for both co- and post-trarwsiati protein translocation into the yeast
ER (Brodskyet al., 1995; Younget al., 2001). Once recruited to the Sec61p complex,
BiP has been demonstrated to facilitate the traasion of the protein into the ER by
binding to the incoming polypeptide chain to avoigfolding. BiP has also been shown
to maintain the permeability barrier of the Secédmplex by sealing the luminal end of
translocon before and early in protein translocaidammanet al., 1998; Wirthet al.,
2003).
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1.2.4.1 Structural features of the Hsp70 ATPase domain

Hsp70 is composed of the functionally coupled 44X Pase domain and the 18 kDa
substrate binding domain, and the 10 kDa C-terndoatain. Uncoupling of the ATPase
domain and the substrate binding domains resulksss of chaperone function (Mogb
al., 2003; Splenkov and Witt, 2003).

Flaherty and co-workers determined the three dimeat structure of the 44 kDa
ATPase domains of the bovine Hsc70 (Flahettgl., 1990). This domain was reported
to be composed of two large globular sub-domaimasd II. The nucleotide binding cleft
occurs between sub-domains | and Il which are &urtlivided into sub-domains A and B
(1A, 1B, 1B, 1B, Figure 1.4). Although the ovetaktructure of bovine Hsc70 was
considerably different to that of hexokinase, tbeibe Hsc70 ATPase domain nucleotide
binding “core” highly resembled that of hexokinagEtahertyet al., 1990; Borket al.,
1992). The nucleotide-binding site was found toirbés most open state when in the
nucleotide free state while the ATP-bound state wabke closed conformation (Gassler
etal., 2001).

The chaperone function of Hsp70 depends on theccgbift between the ATP-bound
state, with low affinity for substrate protein atiet ADP-bound form with high affinity
for substrate (Frydman, 2001; Mayer and Bukau, 20Bbmost Hsp70 systems, ATP
hydrolysis is thought to be the rate-limiting steghe ATPase cycle. A few exceptions to
this system, such as hermus thermophilus DnaK (Groempinget al., 2005) have been
shown. The hydrolysis of ATP by the ATPase domasn doupled to Hsp70
conformational changes that cause the “lockingehsubstrate protein into the substrate
binding domain. While substrate proteins can malgynincrease ATP hydrolysis,
Hsp40s (Hsp70 co-chaperones discussed in sec2ds) Are known to act synergistically
with the substrates to increase the Hsp70 ATPaseitacby more than 2500 fold
(Groempingget al., 2005).

21



Chapter 1

Table1.1. The Hsp70 proteins, partner co-chaper ones and associated chaper ones

Bacterial Yeast Mammalian
Hsp70

Ssal-4: involved in thede novo protein | Hsc70:  constitutive,  binds  nascent
DnaK: involved in thede novo | folding and recovery from stregspolypetides

protein folding and recovery fron
stress (Deuerlingt al., 1999).

n (Deshaiest al., 1987).

Ssbl and 2: associate with ribosome
and nascent polypeptide chains (Pfuahd
al., 1998).

Prd13/Ssz; associate with ribosome

(Gautschiet al., 2001).

Hsp70: stress inducible

s(Fink, 1999).

[

Hsp40

DnalJ: Stimulates DnaK ATPas
activity (Liberecket al., 1991).

e Ydj1l: has chaperone activity. Stimulat
Ssal ATPase activity (Caplan
and Douglas, 1991).

Sisl: ribosome associated, chaperg
activity, stimulates Ssal ATPase activ
(Zhong and Arndt, 1993).

Zuotin: interacts with Prd1/Ssz (Gautsg
etal., 2001).

edddjl and HdAJ2: bind newly translated

polypeptides (Ohtsuka, 1993; Chellaieh
al., 1993).

ne
ty

Hsp70-ADP stabilizers

Hip: stabilizes the Hsp70 —ADP complex.
(Hohfeldet al., 1995).

Hsp70-associated chaperones

Trigger factor: ribosome
associated, has propyl isomerg
activity, binds nascent polypeptid
chains (Deuerlingt al., 1999).

GimC/prefoldin:  Possibly a TRIC|
cofactor (Siegerst al., 2003)

se

e

GimCl/prefoldin: binds nascen
polypeptide chains (Siegessal., 2003).

Chaperoning/Hsp60

GrEL/Hsp60: de novo protein
folding and recovery from stres
(Fentonand Horwich, 1996)
GroES/Hsp10: associates  with
GroEL (Fentoret al., 1996).

TriC/CCT: de novo protein folding
sbinds nascent chains (Frydmaa al.,
1994).

TriC/CCT: de novo protein folding, binds
nascent chains (Durat al., 2001).

Nucleotide exchange factors

GrpE: interact with DnaK

(Liberecket al., 1991).

hydrolysis (Kabanét al., 2003 and 200).

Lshl: Hsp70-related protein, enhances
the removal of ATP and ADP (Kabaeti
al., 2003).

Fesl: catalyzes the release of ADP &
ATP from cytosolic Hsp70 (Kabaet al .,

Sil1/SIsl: enhances Hsp40 mediated AT

P

Bagl-Bag5: Facilitate Hsp70 nucleotid
exchange (Hohfeld and Jentsch, 1997).
of

HspBP1: Fesl homolog (Kabangt al.,
2002).
nd

11°)

2003).
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Nucleotide binding cleft 1B

Figure 1.4: Ribbon representation of the crystal structure of the Bus taurusHsc70 ATPase domain
(PDB code 3HSC, Flaherty et al.,1990). Subdomains are indicated as IA and IB to form IgHéA and
IIB to form lobe II. The amimo- and carboxy-termirzaie indicated as N and C, respectively. The nibbo
structure was generated using PyMOL (DelLena ., 2003).

Mutational analysis oE. coli DnaK to determine the structural determinants ifsr
interaction with DnaJ (prokaryotic Hsp40) showedlttiine stimulation of ATP hydrolysis
by DnaJd requires the ATPase domain to be linkedhéo adjacent substrate binding
domain (Gasslest al., 1998). In addition, DnaJ was found to interacedily with amino
acid residues in the lower backside of DnaK’s ATPdemain signifying this site as a
DnaJ binding site (Gasslet al., 1998). The residues demonstrated to be critical fo
Hsp40 binding at this side included R171, N170, 31¥149, N151, D152, E218 and
V219 (Suhet al., 1999; Gassleet al., 1998). The residues R155, Y149 and E175 in the

23



Chapter 1

ATPase domain were found to be important for thecfional coupling of the ATPase
and substrate binding domains, while K71 is impurfar ATP hydrolysis (O’Brieret
al., 1996). T13 was demonstrated to play a role in AEPdomain conformational
change arising from the 1A as a result of the ADH?Abinding (Sousa and McKay,
1998).

v

Helical lid

d . m D

4

D540

L R467 IMA04 a7,
" f A

. P 29/"’“

B-sandwich

Figure 1.5: Ribbon representation of the structure of the substrate binding domain (residues 384-
607) including most of the 10 kDa C-terminal domain of DnaK (PDB file 1IDK X, Zhu et al, 1996). The
bound peptide (NRLLLTG) is depicted in blue. Thdide lid is depicted by helices A-E. Amino acid
residues depicted in red are involved in the laighof the helical lid to th@-sandwich through a network
of hydrogen bonds. Amino acid residues depictedbriange (A429 and M404) are involved in the
formation of the hydrophobic arch over the boungtigke. Figure adapted from Slepenkov and Witt, 2002
Rudigeret al., 2000. The structure was generated using PyMOILé&Deet al., 2003).
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1242 The substrate binding domain of Hsp70

Substrate binding occurs at tBestrand-rich region of the C-terminal 18 kDa sudstr
binding domain (Wanget al., 1993; Zhuet al., 1996). Thisp-strand-rich region was
shown to interact directly with the substrate pelytide (Figure 1.5; Mayest al., 2000).

Determination of the NMR structure of the substtaiteding of the mammalian Hsc70
and its subsequence comparison to the crystaltsteuof the prokaryotic homologue,
DnakK, revealed difference in the position of théda¢ lid (Zhu et al., 1996; Morshauser
et al., 1999). While the position of the helix in the Dna#stal structure involved a salt-
bridge between D526 and R445, the salt bridgehénHsc70 structure were between
R445 and E518, and R414 and E520. The Hsc70 Hedpefore lies in the hydrophobic
groove, anchored by a salt bridge to pasandwich (Morshausett al., 1999). Residues
M404 and A429 which formed the hydrophobic arctboflK substrate binding domain
were implicated in substrate recognition. The maotabf these two residues to Trp
resulted in decreased binding of DnaK to peptidastaining stretches of consecutive
hydrophobic residues flanked by acidic residuesd{&gret al., 2000).

The determination of the Hsp70 binding motif on tugs revealed that Hsp70
recognises polypeptide residues enriched with Iplvbic amino acids, especially
peptides enriched in phenylalanine, isoleucine waaithe (Ridigeret al., 1997). The
extended conformation of an unfolded polypeptidaithexposes these hydrophobic
amino acid residues, which situated are in theriorteof the folded protein. Such
hydrophobic residues are predicted to be preseatyed¢0 residues in all proteins
providing a potential binding site for Hsp70s (Rietiet al., 1997).

The 10 kDa C-terminal domain of Hsp70s has beemvsho form a helical structure
which acts as a lid that locks the substrate instigstrate binding domain (Figure 1.5;
Mayer et al., 2000). The helical lid and its position must playrole in binding of
substrates since its removal increases the diggotiate of peptides and protein from
DnaK (Buczynskiet al., 2001; Slepenkov and Witt, 2002). In DnaK the Bdmplicated
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in coupling the ATPase and substrate binding dosntirough its helices A and B (Moro
et al., 2003). In yeast, the lid-less variant of a mitaathwal Hsp70 (Sscl) resulted in
lethal phenotypes due to the inability to sustaippotein import in the mitochondria, a
function that was recovered in variants with thenimal lid segment, although with
reduced substrate affinity (Strebal., 2003).

The crystal structure of the 10 kDa C-terminal domaf rat Hsc70 revealed that the
structure this domain adopts théhelix B-loopa-helix C fold, significantly different to
that of the equivalent region of DnaK which is cased ofa- helix B to a- helix E)
(Chou et al., 2003; Ohnoet al., 2004; Figure 1.6). The Hsc70 helix C sequence wa
found to be equivalent to three discrete helicds i@-DnaK and that it (Hsc70 helix C)
was required for Hsc70 self-association (Chkoal., 2003).

rat Hsc70 KAEDEKQRDKVSSKNSLESYAFNMKATVEDEKLQGKINDEDKQKILDK

E. coli DnaK AEADRKFEELVQTRNQGDHLLHSTRKQVEEA--GDKLPADDKTAIESA
* ok 2 ok ook, 5 HER A . Rk ok

S. 8 DnaK —
Helix B Helix C

S. S. Hsc70
Helix B'

rat Hsc70 CNEIISWLDKNQTAEKEEFEHQQKELEKVCNPIITKLYQSAGGMPGG

E. coli DnaK LTALETALKGE---DKAAIEAKMQELAQVSQKLMEIAQQQHAQQQT-
. . % . . % ek e ekhk ok o e *

s. s pnax [N | I

Helix D Helix E

S. S. Hsc70
Helix C

rat Hsp70 MPGGFPGGGAPPSGGASSGPTIEEVD---

E. coli DnaK --AGADASANNAKDDDVVDAEFEEVKDKK
* ckkk

Figure 1.6: Sequence comparison of therat Hsc70 and E. coli DnaK 10 kDA (DnaK residues 523-638)
subdomains. Secondary structural elements (s. s) of DnaKs&i@vn in black bars and those of the rat
Hsc70 in gray bars. Genebank accession numbersA#d154 and BAB96589 for the rat Hsc70 and
E.coli Dnak, respectively. Figure adapted from Clebal. (2003).
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1243 Hsp70 interdomain communication

Full understanding of the mechanism of communicakietween the functional domains
of Hsp70 have been held back by the lack of thetahstructure of the complete Hsp70.
Recently, the crystal structure of the bovine Hs@t@ino acids 1-554) that contains the
nucleotide binding domain and the substrate bindioghain without the 10kDa C-

terminal domain was determined (Jiat@l., 2005).

Prior studies revealed that the linker region, emting the ATPase and substrate binding
domains (amino acids 384-394) adjacent to the doteain interface was found in
different conformations in the isolated substrateling domains (Zhwet al., 1996). The
authors also found that the proteolysis of thikdinwas reduced upon ATP binding, a
finding that implicated ATP binding in the movemeuoit the linker from a solvent
exposed to hidden position (Buchberggral., 1995). Consistent with these finding,
mutation of the bovine Hsc70 residues L393 and V@3gure 1.7) reduced proteolysis
of the linker, reduced ATP quenching of Trp flumesce, and decreased the Hsc70
clathrin disassembly activity. These data indicdteat the linker region plays a crucial
role in Hsp70 interdomain communication where g9 on the conformational changes
in the ATPase domain due to ATP/ADP binding, to sédstrate binding domain. The
finding that V519C becomes reactive to a thiol-diealye upon ATP binding of
suggested an ATP-dependent disruption of the ioteadn interface (Jiang al., 2005).

Helix A of the of the substrate binding domain (amacids 513-524; numbering by Zhu
et al. [1996]) was found to rest in the grove betwedretolA and IIA (referred to as the
Hsp40 binding site in figures 1.6 and 1.9) of th€Pase domain (Jiang al., 2005;

Figure 1.7). The interdomain communication occurghes interdomain interface and
interdomain interactions between residues in theerfi;ce include salt bridges,
hydrophobic interaction and water mediated hydrolgends (Jiangt al., 2005; Figure

1.7). Since helix A of the substrate binding donraists in the Hsp40 binding grove, the

binding of Hsp40 would likely result in contact wiboth the nucleotide binding domain
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and the substrate binding domain to influence aonédional changes in Hsp70 (Jiagtg
al., 2005).

(A)

Hsp40
Binding
Site

Figure 1.7: Ribbon representation of the bovine Hsc70 structure (bovine Hsc70, PDB 1YUW; Jiang et

al., 2005). (A) Ribbon representation of the bHsc70 ATPasmala (amino acids 1-383) in blue and the
substrate binding domain (amino acids 395-354)rgeg and the linker region (amino acids 384-394) in
red. (B) Expanded view of the interaction betwess substrate binding domain helix A (Green) and the
groove between subdomains IA and IIA (Hsp40 bindiitg) in the ATPase domain (blue). Interactions
include a salt bridge between residues K524 and2D&abd residues E530 and K325. Hydrophobic
interactions between residues 1216, 1515, and \&&3hown in magenta. (C) In addition to the ressda
(B), residues V388 and L393 (orange) are shownhenexposed linker region (amino acids 384-394) in
red. The ribbon structures were generate using RykD@Lanoet al., 2003)

1.25 TheHsp70 ATP/ADP cycle

Most Hsp70s require the assistance of Hsp40 coecthaps to stimulate their weak
ATPase activity and to trigger their interactionttwsubstrate proteins (Lieberekal.,
1991). Members of the Hsp40 family (referred to BeaJ in prokaryotes) are
characterized by a 70 amino acid J-domain. Thendaito is made up of foun-helices

with the loop region containing the His33, Pro34 aksp35 residues (HPD) motif
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occurring between helices Il and 11l (Figure 1.8aet al., 1996). Hsp40s binds to the
interface between ATPase domain and the substiatBng domain of Hsp70s. This
thereby increasing the ATPase activity of Hsp70spgcifically enhancing the ATP
hydrolysis activity to generate the ADP-bound HspWhich has high affinity for
unfolded substrate proteins (Figure 1.9; Liberetc., 1991; Russetdt al., 1999; Jiangt
al, 2005).

Following the activation of the Hsp70 ATPase atyivihe dissociation of the bound
nucleotide and the substrate protein forms the & of the ATPase cycle which
requires the opening of the Hsp70 nucleotide bigdileft. The opening of the ATPase
domain of Hsp70s has been demonstrated to betéedi by additional Hsp70 co-
chaperone partners such GprE, Bag-1, or HspBPIchwigigulate nucleotide exchange
and substrate release (Brehraeal., 2001, Brehmeet al., 2004; Shomuret al., 2005).

The Hsp70 members are subdivided into Hsp70, HswhRnaK subfamilies based on
the presence or absence of salt bridges in the #&8Bamain (Brehmeat al., 2001). In
contrast to the DnaK family which requires GrpEctdalyse nucleotide exchange, the
Hsp70 family requires Bag-1 as a nucleotide exchdagtor. Bag-1 stimulates ADP, but
not ATP dissociation from Hsc70 (Brehmeatral., 2001). HscA does not interact with
both GrpE and Bagl (Brehmetral., 2001).

The ATPase domain d&. coli DnaK was demonstrated to interact with a GrpE hila
stoichiometry ratio resulting in the distortion tffe ATPase domain (Liberect al.,
1991; Harrisoret al., 1997). The conformational change induced by Grptibg was
shown to cause the mechanical opening of the ATEaseain, the disruption of the
nucleotide binding site, and the release of ADRrahy regulating the lifetime of ADP-
bound DnaK (Harrisoset al., 1997).
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DnaK/Hsp70 binding site Substrate binding domain
(A)

(B)

Figure 1.8. Structural representation of Hsp40s and the J-domain. (A) Schematic representation of the
conserved regions of DnaJ (Hartl, 1996). G/F remtssthe glycine/phenylalanine rich domain. (B)9ib
representation of the structure of tRecoli DnaJ J domain showing helices I-IV and the uniiys
conserved tripeptide, His-Pro-Asp, located in thepl between helices Il and 1l of the J-domaintisven
in red (PDB 1XBL; Pellechiat al., 1996). The structure was visualized using PyNbalL(anoet al., 2003)

For a while the only well known eukaryotic nucleatiexchange factor was Bag-1 (Bcl2-
associated athanogene 1 protein), which promoteseiease of ADP from Hsp70 in a
GrpE-like reaction. Bag-1 proteins contain a 40&fino acid BAG domain with a
variable N-terminal domain (Nolleet al., 2001). Resolution of structure of the bovine
Hsc70 ATPase domain complex with the BAG domaireaded that the binding of Bag-1
to the ATPase domain induces the movement of residi the 1A and IIB ATPase
subdomains involved in the orientation of the adem® moiety of the nucleotide, thus
opening the nucleotide binding cleft (Sondermatral., 2001). BAP (BiP-associated

30



Chapter 1

protein), the ER resident nucleotide exchange fawetas shown to cause nucleotide
dissociation from BiP (Chungt al., 2002). The identification of mammalian Hsp70-
interacting protein (Hip) suggested a different, renocomplicated Hsp70 cycle
mechanism in eukaryotes (Frydman, 2001). Hip biiodthe ATPase domain of Hsp70
and prevents ADP release from Hsp70 (HOhétlal ., 1995).

e
¥

- ¥

DnaJ+S
GrpE — @ ﬂ
3 . Dnal.S
£ 1p @
f:‘j Bag\A
2 Fesl1 —»
< | HspBP1
=

Endoplasmic reticulum

Eukaryotic cytosol

Figure 1.9. Hsp70 ATP/ADP chaperone cycle. The basic Hsp70 cycle elucidated fercoli DnaK is
shown in black. Modifications found in eukaryotit@sol and endoplasmic recticulum are shown inmgree
Figure adapted from Mayer and Bukau (2005). S=tsates the twisted line represents an unfolded non-
native substrate protein; ATP and ADP = nucleotid®s inorganic phosphate; Hip, Bag, Fesl HspBP1,
and SlIs1 = nucleotide exchange factors as desciibi text; Hop = Hsp70/Hsp90 organizing protasn
described in the text. + = activation of a pathway;inhibition of a pathway.

Several other eukaryotic nucleotide exchange fachave been recently identified. In
yeast, Slslp has been identified as a nucleotidbagrge factor of the endoplasmic
reticulum Hsp70, Kar2 (Kabamt al., 2000). Kabani and co-workers further identified
the Slslp inD. melanogaster, M. musculus and humans (Kabarmt al., 2003). Feslp, a
cytosolic homologue of Slslp has been shown to bedADP-bound cytosolic Hsp70
(ADP-Ssalp), stimulating its ATPase activity (Kabast al., 2002). HspBP1, a
mammalian homologue of Feslp and Sislp was showrprtonote nucleotide
dissociation from Hsc70 (Figure 1.9; Kabahal., 2002).

31



Chapter 1

13 hSp?OGENESAND THEIR GENOMIC ORGANIZATION IN FISH

Fish are adapted to live at various ambient tempe¥s. They also developed
mechanisms to cope with daily and seasonal temperahanges. For these reasons, fish
have been considered as an ideal model to studypmytection, especially thermal
response (Ojima and Yamashita, 2004). Most of ¢épents on the isolation of fidhsp70
genes are restricted to cDNA sequences. Such seeggibave been isolated from several
fish species including rainbow trout (Koratdtyal., 1984), zebrafish (Grasetral., 1996)
and two species of gen@syzia (Arai, 1995).

The studies to determine the genomic organizatibrFugu rubripes hsp70 genes
revealed a cluster of five intron-lebksp70 genes (Lim and Brenner, 1999). These five
Fugu hsp70 genes are combined in a head-to-tail, head-to-haad tail-to-tail
arrangement in resemblance of the huingasY0 gene orientation. On the other hand, the
number ofFugu hsp70 genes per cluster bears resemblance to non-vexterbpecies.
Putative heat shock elements (HSEs) were foundegrst ofFugu hsp70s. Although no
functional analysis has been doRegu HSEs has several similarities with HSEs of other
organisms. They occur within 250 base pairs (bstrepm of the start codon and in

multiple copies.

Molina and coworkers (Molinat al., 2000) isolated an intronle$sp70 gene from a
tilapia genomic library. The isolatd@p70 gene included a'3 kb regulatory region and
an open reading frame of 1920 bp encoding theeshtgp70 protein. The tilapiasp70
promoter was able to drive the expression repayeeres in a heat shock dependent
manner. Using these experiments, the authors demted that the distal HSE
(approximately 800 bp upstream of the transcrifitart site) was responsible for heat
shock response of the tilagigp70 promoter (Molinaet al., 2001 and 2002). In addition,
a zebrafisthsp70 promoter has been cloned and shown to drive theesgion of GFP in
zebrafish transgenic lines under heat shock (Haidletral., 2000).
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Lele et al. (1997) and Santacret al. (1997) attempted to establish the numbengp¥0
genes in the zebrasfish genome. A PCR reaction detienerate primers yielded two
hsp70 gene variants (Lelet al., 1997). The two genes resembled an indudigh&0 and

a constitutively expressdwp70 (hsc70). The availability of the draft genomic sequences
provides an opportunity to investigate the numbedt arganization ohsp70 genes in
zebrafish andFugu. A search by Yamashitat al., (2004) in the zebrafish genome
sequence revealed thrbgp70 copies. Two hsp70 genes, labelegh70a andhsp70b on
chromosome 16 were found in tandem. Both genes Weat inducible in zebrafish
embryos. The third zebrafishsp70 copy was found on chromosome 8 and although
intronless, was shown to be constitutively exprédgezebrafish embryos. In the same
study Yamashitaet al. (2004) isolated the three different clones enagpdino major
isoforms of Hsp70, Hsp70-1 and Hsp70-2 and an H&© the platyfish Xiphophorus
maculates) cDNA. By phylogenetic analysis, platyfish Hsp70HAugu Hsp70-1 and
Hsp70 encoded in the zebrafish chromosome 16 fitxssogether as the fish Hsp70-1
group. The fish Hsp70-2 group contained the plakyfiHsp70-2, Hsp70a and Hsp70b
encoded in zebrafish chromosome 16 and-tge1 Hsp70-2. It therefore appears that fish
have two genetically distinct groups ledp70 genes, i.ehsp70-1 andhsp70-2 additional

to thehsc70 gene.

Genomichsc71 gene sequences have been obtained from the raitmbatv(Zafarullaet
al., 1992) andRivulus marmoratus (Park et al., 2001). Northern blot and primer
extension analyses demonstrated that the corresgpndRNA was constitutively
abundant in all trout tissues (Zafaru#taal., 1992). In contrasi. marmoratus hsc71 was
shown to be non-responsive to heat stress buttselgcexpressed in thenuscles.
Subsequent studies R. marmoratus identified a novelhsc71 gene, the promoter of

which included putative metal response and mugieic elements (Leet al., 2004).

The Antarctic notothenoidrematotus bernacchii has been shown to lack Hsp70 heat
shock response (Hofmarah al., 2000). Three possible reasons for this occuaenere
outlined in the study: (i) lack of interaction be®n HSF and the Hsp70 promoter; (ii)
unstablehsp70 mMRNA that could not be translated, and (iii) trepT0 gene was only
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regulated in a constitutive manner (Hofmatral., 2000; Placest al., 2004). Although
Hsp70 was detectabla vitro, thermal stress could not produce a significaotaase in
MRNA levels (Placet al., 2004).

1.4 MECHANISM OF TRANSCRIPTIONAL REGULATION OF INDUCIBLE hsp70GENESIN

HIGHER EUKARYOTES

Most of the studies on heat shock elongation contrave been carried out on
Drosophila. Although these studies provide a lot of informaation heat shock
inducibility, it is yet to be found if these systerare the same in all metazoans. The heat
inducibility of hsp70 promoters depends on the binding heat shock factorthe
CTXGAAXXTTCXAG sequence called the dfeat shock regulatory element (HSE)
(Pelham 1982; Pelham and Bienz, 1982; Bienz, 198hbjtiple HSEs have been found
400 bp upstream of higher eukaryotic heat shoclegé€Rigure 1.10), the most proximal
HSE occurring as close as 15-18 bp upstream tol&BA box (Bienz and Pelham,
1987). In some genes, the most proximal HSE has fimend far from the TATA box
and in this case the promoters have been foundrtaincis-acting element binding sites
such as the simian protein 1 (spl) binding site thedCCAAT, suggesting a role in cell

development (Bienz and Palham, 1987; Morimoto, 1992

Heat shock factors (HSFs) regulate the transcniptibheat shock genes in eukaryotes.
Heat stimuli cause the trimerization of monomer BlSkhich in turn bind to the HSEs
upstream of thdisp70 promoters activating the transcription of thep70 genes (Bienz
and Pelham, 1987; Morimoto, 1992). Evidence forititeraction of TATA box binding
protein (TBP) and HSF came from the finding thatPTBould be recovered from
Drosophila nuclear extracts using affinity chromatographyhwHiSF as a ligand. In
addition, HSF and TBP were demonstrated to bingemively to DNA (Mason and
Lis, 1997).
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Figure 1.10: Comparison of inducible hsp70promoters. Comparison of the mouse (Fiszer-Kierzkowska
et al., 2003),Xenopus (Bienz, 1994) and tilapia (Molingt al., 2000)hsp70 heat inducible promoter. Not to
scale. The filled squares represent the HSEs, kbar square represents the TATA box, the arrow
represents the transcriptional start site, thdesreepresent the CAAT box, and the numbers indictie
position of the indicated elements upstream otrtéescription start site.

Both TATA-box binding transcription factor 1l D (TIB) and GAGA factor (also known

as the Adh transcription factor-2) have been shéwroccupy thehsp26 and hsp70
promoters prior to heat shock, positioned to agl rigcruitment of HSFs and aiding the
recruitment of HSFs upon stress (Wu, 1980, MasahLas, 1997). A pre-initiation RNA
polymerase Il complex in elongation mode but pauseialso been found on promoters
of heat shock genes (Rougvie and Lis, 1990). Thesldues of the TATA box were
found to be protected from KMn@Gn both uninduced and induced cells suggesting that
TFIID was continually bound to the TATA box for facruitment of the polymerase
(Giardinaet al., 1992).

Rasmussen and Lis (1995) further proposed threesimatescribing the pausing of the

polymerase complex in uninduced genes and its pesSda induced genes.

Model 1

Under non-heat shock conditions the elongation et RNA polymerase is recruited
to the promoter through its interaction with proerdbound TFIID and other components
of the basal transcription machinery. Although plodymerase 1l complex is competent,
its interactive force with the promoter-bound t@i®ion factors restricts further
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movement of the polymerase. HSF binding is theeefttrought to out-compete the
interactive force between the polymerase and thictve factor causing the escape of

the polymerase and the transcriptiorhg§70 genes (Mason and Lis, 1997).

Model 2

This model is similar to the first model, howevénge pausing effect on the RNA
polymerase is not due to the restriction placedritgraction of the polymerase with
promoter-bound transcription factors. The RNA podyase Il in this case is paused
because the RNA polymerase is elongationally incetert. Support of this model came
from the observation by O'Briegt al. (1994) and subsequent studies (Komarnittiay.,
2000; Choet al., 2001) that paused RNA polymerase complexes in mbeu of
Drosophila genes are unphosphorylated, while the transcribpodymerases are

hyperphosphorylated.

Model 3

This model resembles the second model with thermiffce that RNA polymerase Il is

not modified to the elongationally competent forpon heat shock. Upon heat shock, a
new RNA polymerase complex, which is elongationaltynpetent, is assembled at the
promoter and the paused elongationally incompetemiplex is dissociated or displaced

from the promoter (Rasmussen and Lis, 1995).

The possibility of cooperation between the différemodels to regulate the induction of
Hsp70s cannot be excluded. Transcription in eukasybas distinct regulatory points at
which control can be exerted. The finding that Rpl#lymerase interaction with general
transcriptional factors additional to HSFs could ibdicative of the requirement for

multiple levels of control of the induction disp70 (Mason and Lis, 1997). Another

interesting result came from a study wherein tresy&al4 protein (Gal4p) was shown to
induce transcription of thBrosophila hsp70 promoter in which the Gal4p binding site
was substituted for a GAGA factor and the HSF higdsite upstream of the TATA

element (Tanget al., 2000). In addition, Gal4p also caused the escap&A
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polymerase Il from its paused position (Tagtgal., 2000). This data support of the
proposal that the pausing and escape of the RNyxmhse Il depends on its interaction

with regulatory elements upstream of tisp70 core promoter (Tang al., 2000).

There is growing evidence in support of model 2e RNA polymerase paused in the
hsp70 promoter is in the lla state and is convertech®lto state shortly after heat stress.
Kinases such as the positive transcription eloongatactor b (P-TEFb) or a general
transcription factor such as transcription factér (TFIIH) are thought to play a role in
the phosphorylation of RNA polymerase |l (O’'Brienal., 1994, Liset al., 2000; Fan et
al, 2006)

Wu and co-workers proposed a model in which thentbg discovered the 5,6-dichloro-
1-beta-D-ribofuranosylbenzimidazole (DRB) sensiyninducing factor (DSIF) and the
negative elongation factgiNELF) inhibit the Ila phosphorylation. The bindirgf P-
TEFb is suggested to displace NELF from the complex to relieve complex inhibition
by phosphorylating the polymerase. While DSIF arfeLN localize to the uninduced
hsp70 promoter, only DSIF and the polymerase are restuib the chromosomal puff
following heat shock treatment (Wt al., 2003). It is further proposed that the binding
of a HSF causes the dissociation of NELF and sulesesp phosphorylation of the
polymerase (Wt al., 2003, Figure 1.11). Although, no direct interactbetween HSF
and P-TEFb has been observed, P-TEFb has been sbomteract with théxsp70 gene
during heat shock (Liet al., 2000).

In contrast to the well recognised HSF-based indoaf induciblehsp70s, very little is
known about the developmental regulatiorhg$70 promoters by transcriptional factors
such as B-myc, C-myc, or p53. The need to elucittege mechanisms necessitates an in
depth study of the DNA regions flanking inducilbigp70 genes (Fiszer-Kierzkowslet
al., 2003).
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Figure 1.11: Model for hsp70transcriptional regulation. The binding of the GAGA factor causes
chromatin remodelling and initiation. GAGA factar also possibly involved in Pol lla pausing. DSt a
NEFL associate with the Pol lla shortly after i@itbn and NELF interacts with the transcript whieis 20-

40 nucleotide long, restricted further elongatigrPtol lla. Binding of HSF cause the release of NHfeim

the complex and mediates the phosphorylation ofiladby P-TEFb to form the elongation competent Pol
llo. The grey spheres represent histones with thekbline joining and wrapping around the shares as
chromosomal DNA. (Adapted from Wal al., 2003).
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1.5 MOTIVATION AND RESEARCH HYPOTHESIS

At present, there is no information, both at DNAdaprotein levels, regarding the
existence of heat shock proteins as molecular e¢bape in the coelacanth. The
presence/absence of a heat shock based cytopoot@etichanism in the coelacanth is of
particular interest since the coelacanth has oecups present habitat for a long period
of time with minimal challenges, a fact that colildve lead to genetic uniformity. In
addition there appears to be little evolutionamssure on the coelacanth as suggested by
its ability to have survived extinction for millisnof years with minimal changes to its
biology. The role of Hsp70s, essential but not tgditode novo protein folding, protein
degradation, and protein translocation motivateste existence of the genes encoding
these molecular chaperones in the genome of thacaogh. In order to establish the
existence of a heat shock protein based cytopioteatechanism in the coelacanth, we
embarked on a study of genes encoding heat shatkipr70s in the genome of both
species of the coelacanth. This study is designéavestigate genes encoding Hsp70s in
the coelacanth based on the following hypothesis:

‘The coelacanth has highly conserved inducible andnstitutive Hsp70s, the structure
and function of which will have certain specializddatures that will reflect the unique

biology and habitat of the coelacanth’

The broad specifiobjectives emanating from this hypothesis are:

) To isolate induciblehsp70 genes or parts thereof froin chalumnae and L.
menadoensis, to facilitate an investigation of the structumedafunction of the

genes and gene products.

(i) To isolate the regulatory regions upstream tbése hsp70s to facilitate an

investigation of the essential promoter elements.
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Chapter 2

| solation of partial fragments of Latimeria chalumnae hsp70

genes (Lchsp70s)
2.1 Introduction

Several genes encoding Hsp70s in fish have beeedland characterizedcluding
acomplete 1920 bp intronless coding region of ttegiahsp70 (Molina et al., 2000).
This intronless characteristic is important foesg-induced genes since RNA-splicing
is inhibited during stress (Yost and Lindquist, @9&ogel et al., 1995). Another
interesting feature disp70 genes is that they occur in multiple copy numbaising
questions about their functional significance. Aster of five intronlesbsp70 genes
has been identified on the genome of the pufferftsigu rubripes (Lim and Brenner,
1999). In addition, constitutivehsp70 (hsc70) genes have been cloned from the
zebrafish (Santacrua al., 1997; Graseet al., 1996) rainbow trout (Zafarullat al.,
1992) andRivulus marmoratus (Parket al., 2001),while induciblehsp70 genes have
been cloned from two fish species of the ge@ugias (Arai et al., 1995), zebrafish
embyos (Lelest al., 1997) and rainbow trout (Koratleyal., 1984)

The fact that fish are ectothermic and occupy alliigemperature conductive aquatic
environment makes their ability to respond to terapee variation an important
factor influencing their physiology (Basa al., 2002). For this reason fish could be
suitable model organisms to investigate the regulatunctional significance and the

evolutionary genomics of heat shock proteins (Baigl., 2002).

Studies conducted on aquatic organisms that hage hdapted to low temperature
environments have revealed a general loss of thgyao acquire thermotolerance
(Brenneckeet al., 1998). Studies in the cold water adaptidlra oligactis revealed
that this species transcribed much legs/0 mRNA during heat stress as opposed to
the wide temperature adaptédydra bulgaris or Hydra magnipapillata species
(Gellneret al., 1992). Despite the differencelgp70 gene induction, Brennecke and
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co-workers demonstrated that tHemagnipapillata hsp70 regulatory region was able
to drive the expression of luciferase from a regrogene construct iH. oligactis and

H. magnipapillata polyps in a heat inducible manner (Brenneekal., 1998). It was
therefore concluded that thé. oligactis heat shock factors interacted productively
with the mentionedH. magnipapillata hsp70 regulatory region. An alternative
mechanism responsible for differential expressidbrhgp70 genes in theseélydra
species was confirmed by the finding that the hfdf-of hsp70 mRNA in heat-
shockedH. oligactis was significantly shorter than iH. magnipapillata (Brennecke
etal., 1998).

An equally interesting study was conducted in tighly cold-adapted, Antarctic
teleost fish,Trematomus bernacchii (Hofmannet al., 2000). This study revealed that
although the constitutivlsp70 was detectable without heat shock treatment, heat
stress did not result in the upregulation of thatheduciblehsp70 gene (Hofmanret

al., 2000). The authors speculated that the lackhefmal response in this fish was
due to the absence of positive selection duringlutiem at stable sub-zero
temperatures and that this could have been dusssodf functionahsp70 genes and
heat shock factors or the instability of the praetbenRNA (Hofmanret al., 2000,
Placeet al., 2004).

Latimeria is described as a living fossil since it is thdyoaextant member of the
coelacanths living in rocky caves 100-300 m belea kevel (Heemstra, 2001). Since
Latimeria species have survived million of years with litt@rphological change, the
guestions relating to the rate of change in ceaeltc genomes and cell biology
remain intriguing. Given the evolutionary and plgdoetic significance of the
coelacanth, studies on the genomic structure oégyencoding heat shock proteins in
the coelacanth could be stepping stone to setlegpaediction about the function and
regulation ofhsp70s in fish. Since it was understandable from thevabwentioned
studies that it cannot be assumed that a tygispfO system occurs in aquatic
organisms including the coelacanth, the aim of shigly was therefore to isolate and
analyse by bioinformatics the coelacanth induciise/Os to make predictions about

their functions.
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2.2 Experimental procedures

2.2.1 Isolation of high molecular weight DNA from L. chalumnae skin tissue

High molecular weight DNA (> 200 kb) was isolatedr frozenL. chalumnae skin
tissue obtained by the proteinase K-formamide DN#lation method with minimal
sheering (Sambrook and Russell, 2001). This praeedavolves proteinase K
digestion of the tissue followed by formamide treamt to effect the dissociation of
DNA-protein complex. The proteinase K and formamigre subsequently removed
by extensive dialysis. Detailed method is providedppendix Al.

The confirmation that the DNA obtained was isolatedm skin tissue ofL.
chalumnae origin was carried out by polymerase chain reac{lfCR) based isolation
of the 220 bp of the coelacanttoxa-11 sequence. Thé. chalumane Hoxa-11
specific forward primer (Hoxa-11F/2: 5-CCATTGCTACAACAGG-3') and
reverse primer (Hoxa-11R/2: 5- AGAGTGGTTTTCTGTGC3) based on the
publishedHoxa-11 sequence (AF287139; Chatial, 2000) were used in the PCR.

2.2.2 Polymerase chain reaction (PCR)

The Expand High Fidelity PCR kit (Roche, Germanygswsed for all experiments
(Appendix A3). Thermal cycling was performed wittGaneAmp PCR System 9700
(ABI, USA). The amplification conditions were adléavs: 5 minutes denaturation at
95°C followed by 35 cycles of 1 minute denaturatar®5°C, 1 minute annealing at

45°C, 2 minutes extension at 72°C and a final esitenat 72°C for 10 minutes.

All PCR products were ligated into the pGEM-T Easgctor (Promega, USA),

transformed intdescherichia coli XLI Blue and plated onto 2xYT (16 g/L tryptone,
10 g/L yeast extract, and 5 g/L NaCl) agar platestaning 100 pg/ml ampicillin

(Appendix A4 and A5).

Plasmid DNA was isolated from ampicillin-resistarainsformants using the QlAprep
plasmid isolation kit (Qiagen, Germany). The preseaf inserts was determined by

Eco RI restriction analysis (Appendix A6). T7 and Sg@gencing primers were used
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to generate DNA sequences using the chain terromdéased cycle sequencing
reactions with BigDye V3.1 (ABI, USA). Cycle sequamy products were
electrophoresed using the Applied Biosystems 3160eGc Analyzer (ABI, USA)

according to the manufacturer’s instructions.

2.2.3 L. chalumnae codon usagetable

SevenL. chalumnae coding regions were obtained from the protein saeqa data
bank at the National Center for Biotechnology Infation (NCBI):a-enolase an-
enolase (AY005154 and AY005155; Tracy and Hedg&9)0p MHC1 mRNAs
(U08036 and U08037; Betx al., 1994); olfactory receptor genes (AJ233783 and
AJ233784; Freitagt al., 1998); and théloxa-11 gene (AF287139; Chut al, 2000).
The average codon usage of the obtained codingmregivas obtained and la

chalumnae codon usage table was compiled.

2.24 Fish Hsp70 alignmentsand Hsp70 primer design

To facilitate the design of primers to amplify caednthhsp70 coding regions, an
alignment of Hsp70 proteins froffugu rubripes (CAA69894); tilapia (CAA04673);
zebrafish (BAB72170); rainbow trout (P08108); amovine Hsc70 (P19120) was
carried out. All the protein sequences were obthinem the protein sequence data
bank at the National Center for Biotechnology Infation (NCBI) website
(http://'www.ncbi.nih.gov). Conserved regions wederitified and the amino acid
sequence of the selected regions was back tradgtataucleotide sequence using the

L. chalumnae codon usage designed in this thesis.
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2.25 Sequenceand biocinformatic analysis

Sequences were analyzed with the Vector NTI seguanalysis software (InforMax,
USA) and searches were performed using the BastalLAlignment Search Tool
(BLAST) software (Altschul et al.,, 1990) at the NCBI website
(http://www.ncbi.nih.gov/blast). Multiple sequenakkgnments were carried out using
the ClustalW software (Thompsahal., 1994) at the BCM search launcher browser
(http://searchlauncher.bcm.tmc.edu/multi-align/maalign.html).

Ribbon representation of the LcHsp70 homology models generated using
SWISSMODEL software (Peitscht al., 1996) using bovine Hsc70 (PDB code:
1YUW; Jianget al., 2005) as template. The structure was visualiradg PyMol
software (DeLanet al, 2005).

2.2.6 Phylogenetic analysis

The Hsp70 protein sequences used were obtained XGBI under the following
accession numbers: Japanese medaka, AAF91485thesoplatyfish, BAB72168.1;
tilapia CAA04573.1; fugu, CAA69894; zebrafish, BARL70; rainbow trout,
BAB72233.1, Chinook salmon, AAA78276.1; frog, CAASY6.1; rat, NP_114177.1,
bovine, NP_776975; human, NP_0021&6;coli, NP_285706; an@higela flexneri,
NP_835755.1. The Hsp70 protein sequences were edligmsing CLUSTALW
(Thompsoret al., 1994) at default settings. The region from 128650 (according to
the numbering to the Bovine Hsc70) was used torgéméhe tree. The alignment was
visually inspected and all proteins were adjustedtie same starting point. A
Neighbor-Joining (NJ) tree was constructed with MG Molecular Evolutionary
Genetics Analysis 3; Nei, 2004).
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2.3 Reaults

2.3.1 Isolation of L. chalumnae high molecular weight DNA

High molecular weight genomic DNA, 50 kb and largeas successfully isolated
from L. chalumnae frozen tissue (Figure 2.1A, lane 2). The PCR ismhaof thel.
chalumnae Hoxa-11 fragment with the isolated DNA as template yieldge@20 bp
fragment (Figure 2.1B, lane 1). The DNA sequenceiobd for the 220 bp..
chalumnae Hoxa-11 fragment demonstrate a 100% identity to the sarg®meof the
published.. chalumnae Hoxa-11 sequence (Figure 2.1C).

M 1 2
(A) (B)
bp <« >50kb bp
— 1159,1093
11479 *=30 805>
5 9,45
5077, 4749, 4507 .
2838
1700 468, 448>
1159 264, 247>
216>

(©)

Pub 1 CCATTGCTACTCAACAGAGGAGATTCTGCACAGGGACTGCCTAGCAACCACCACCGCTTC 60

FEPTEEEEEEE T e e e e e e e e e e e e e e e e e e et e e e e e e e e e el
PCR 201 CCATTGCTACTCAACAGAGGAGATTCTGCACAGGGACTGCCTAGCAACCACCACCGCTTC 260

Pub 61 AAGCATAGGAGAAATCTTTGGGAAAGGCAACGCTAACGTCTACCATCCTGGCTCCAGCAC 120

FECEEREEEEEE e e e e e e e e e e e e e e e e e e e e e eyl
PCR 261 AAGCATAGGAGAAATCTTTGGGAAAGGCAACGCTAACGTCTACCATCCTGGCTCCAGCAC 320

Pub 121 CTCTTCTAATTTCTATAACACAGTGGGTAGAAACGGGGTCCTACCGCAAGCCTTTGACCA 180

FEPTEEEEEEE T e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e rrerd
PCR 321 CTCTTCTAATTTCTATAACACAGTGGGTAGAAACGGGGTCCTACCGCAAGCCTTTGACCA 380

Pub 181 GTTTTTCGAGACGGCTTATGGCACAACAGAAAACCACTCT 220

FECREEEEEET TR e e e e e e e e rned
PCR 381 GTTTTTCGAGACGGCTTATGGCACAACAGAARAACCACTCT 420

Figure 2.1: Isolation and validation of L. chalumnae high molecular genomic DNA. (A) A 0.6%
agarose gel resolution &f chalumnae high molecular weight chromosomaNA. Lane M = Pst |
size marker; lane 1 = uncitDNA; lane 2 =L. chalumnae high molecular weight DNA (50 kb and
above). (B) A 2% agarose gel resolution of the RE&lucts amplified from 10f of L. chalumnae
high molecular weight DNA (shown in Figure 1A). laM =A Pst | size marker; lane 1 = 220 bp
Hoxa-11 gene fragment is indicated by the arrow. (C) Atigamt of the published coelacartiioxa-11
(Pub) and the 220 higoax-11 fragment isolated frorh. chalumnae frozen skin tissue (PCR).
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2.3.2 Primer design toisolate the gene encoding the L. chalumnae Hsp70

The in-frame usage of each codon in the codingregf thea-enolase an@-enolase
(AY005154 and AY005155; Tracy and Hedges, 2000);®HNRNAs (U08036 and
U08037; Betzet al., 1994); olfactory receptor genes (AJ233783 an@38J84,
Freitag et al., 1998); and theHoxa-11 gene (AF287139; Chuet al, 2000) was
determined. The average codon usage was expresfeduency/thousand base pairs
(Table 2.1).

Table 2.1. L. chalumnae codon usage table expressed in frequency/thousand base

pairs.
Amino acid L 1 A S w M
Codon UUA |UUG |CUU |CUC |CUA|CUG AUU |AUC |AUA [GUU |GUC |GUA |GUG |UCU [UCC [UCA |UCG |AGU|AGC |UGG |AUG
Gene
Alpha Enolase 5.49] 19.23] 16.5] 8.24 0| 3846| 38.5] 13.7 0| 30.2] 19.2| 5.49| 30.22] 16.48| 10.99| 13.7| 0] 11] 2.75| 8.24] 16.5
Beta Enolase 0 0] 16.7| 8.33] 8.33 25| 41.7| 41.7| 8.33] 33.3 0| 16.7| 33.33| 16.67| 8.33 0| 0| 0] 16.7 25| 8.33
MHC1.TMC2g mRNA 0] 25.42 0] 25.4 0] 4237] 59.3] 17| 8.47| 50.9] 339 0| 8.47 0] 0 0| 17| 847 17| 25.42| 25.4]
MHC1.TMC2a mRNA 0] 25.42 0] 25.4 0| 5085| 67| 847| 17| 42.4] 33.9 0| 8.47 0 0| 8.47| 8.47| 8.47| 254| 2542| 25.4
Olifactory Gene 1 4.55] 31.82| 22.7] 59.1] 4.55| 22.73] 18.2] 45.5] 9.09| 9.09| 27.3| 4.55| 45.45] 13.64| 36.36] 22.7| 0] 18.2] 13.6] 4.55] 36.4|
Olifactory Gene2 18.75] 18.75] 12.5] 12.5] 25 37.5] 37.5] 43.8] 43.8| 34.3| 18.8] 12.5| 6.25| 37.5| 18.75] 25 0f 0} 0] 12.5] 25|
Hoxa-11 Gene 4.95 9.9 0] 4.95| 14.9 495 9.9] 495| 99| 14.9] 9.9 0 9.9| 54.46| 34.95| 19.8] 19.8] 19.8] 34.7| 4.95| 4.95
Average usage 4.82] 18.65] 9.77| 20.6] 7.53| 31.694]| 38.9] 25| 13.8] 30.7| 20.4| 56| 20.3] 19.82| 15.63] 12.8] 6.46] 9.42| 15.7| 15.154] 20.3]
Amino acid P T A Q N K ¥
Codon CCU |CCC |CCA |CCG |ACU[ACC ACA |ACG |GCU |GCC |GCA |GCG |[CAA |CAG |AAU |AAC |AAA |AAG |UAU [UAC
Gene
Alpha Enolase 8.24] 6.41 22| 2.74] 22 549 1 0] 55| 13.7] 33| 2.75| 5.49] 16.48| 30.22| 24.7] 60.4| 30.2] 11| 19.23]
Beta Enolase 8.33] 0] 16.7 0] 25 25| 33.3 0] 8.33] 16.7] 25| 0| 16.67| 8.33] 33.33] 33.3| 33.3] 16.7 0 25
MHC1.TMC2g mRNA 8.47| 11.26 17| 5.63| 8.47| 50.85| 33.9 0] 17| 847 17| 8.47 0] 25.42| 16.95| 25.4| 254] 17| 847| 2542
MHC1.TMC2a mRNA 0] 14.08 17| 8.45| 8.47| 50.85| 17 0] 254 0] 8.47] 17 0] 25.42| 25.42 0 17| 8.47| 8.47| 2542
Olifactory Gene 1 18.18 0| 0] 2.05) 22.7( 27.27] 18.2 0] 31.8] 36.4] 18.2 0] 4.55] 18.18] 4.55| 9.09] 13.6] 13.6| 31.8] 18.18]
Olifactory Gene2 31.25| 10.26] 25.5 0] 18.8[ 1875 25 0 0| 6.25| 6.25] 0] 18.75 0| 6.25| 25| 18.8| 12.5| 37.5 25
Hoxa-11 Gene 19.8] 8.21] 9.9] 10.3] 9.9] 34.65| 39.6] 4.95] 15| 9.9] 19.8 0] 19.8 9.9] 29.75| 29.7| 19.8] 19.8] 19.8| 34.85|
Average usage 13.47| 7.174] 15.4] 4.16] 16.5| 30.409| 25.4| 0.71] 21.8] 13.1] 18.2] 4.02| 9.323| 14.82| 20.92] 21| 26.9] 16.9] 16.7| 24.7
Amino acid R H G Cc D E F
Codon CGU |CGC |CGA |CGG |AGA|AGG CAU |CAC |GGU |GGC |GGA |GGG [UGC |UGU |GAU |[GAC |GAA |GAG|UUU |uuC
Gene
Alpha Enolase 8.24] 10.99] 0 0] 8.24 0] 5.49] 549| 44| 13.7] 24.7) 549| 8.24] 549| 43.96] 22| 35.7] 33| 22| 16.48
Beta Enolase 8.33] 8.33 0] 8.33| 8.33 0] 41.7] 0] 50| 16.7] 16.7| 8.33| 8.33] 16.67 50 25| 16.7] 33.3] 16.7 25|
MHC1.TMC2g mRNA 0 0 17 0] 847 2542| 8.47] 17| 8.47 0] 33.9] 17| 847] 847 42.37| 25.4] 8.47| 42.4] 8.47| 16.95
MHC1.TMC2a mRNA 0 0] 8.47 0] 847 2542| 8.47] 17 0 0f 33.9] 17| 8.47] 8.47| 42.37| 59.4 17| 50.9] 8.47| 16.95
Olifactory Gene 1 0] 9.09] 4.55 0 0] 27.27 0] 27.3] 22.7| 9.09] 9.09] 18.2| 27.27| 22.73| 18.18| 18.2] 9.09] 4.55| 18.2] 40.91
Olifactory Gene2 6.25 0 0] 6.25] 6.25 12.5| 25| 18.8] 12.5] 6.25 0] 12.5 25| 37.5| 12.5| 6.25] 6.25| 6.25| 43.8| 37.54
Hoxa-11 Gene 4.95] 4.95 0] 4.95] 19.8 29.7] 14.9] 19.8] 15| 19.8] 4.95] 9.9| 24.75) 0 9.9] 34.7| 24.8| 49.5| 19.8] 19.8

|
Average usage 3.967| 4.766] 4.28] 2.79] 8.51| 17.187| 14.9 15] 21.8| 9.36] 17.6] 12.6] 15.79] 14.19| 31.33| 27.3] 16.8] 31.4] 19.6) 24.804

An alignment ofF. rubripes; tilapia, zebrafish, rainbow trout Hsp70s and bevi

Hsc70 protein sequences revealed high level ofezgaton. A conserved amino acid
sequence of GIDLGTT was identified at the N-terrhireggion while the C-terminus

had a conserved GPTIEEVD (Figure 2.2).
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Two degenerate DNA PCR primers, Fish70F/2 and BRIZ, were designed based
on these GIDLGTT and GPTIEEVD amino acid sequencespectively. AL.
chalumnae codon usage table designed from eighthalumnae coding region (Table
2.1) was used to back translate the amino acidesegs (Figure 2.2).

(A)

Fugu MSAAKGLAIGIDLGTTYSCVGVSQHGKVEIIANDQGNRTTPSYVAFTDTERLIGDAAKNQ 60

Tilapia MQLKGVAIGIDLGTTIY SCVGVFQHGKVEIIANDQGNRTTPSYVAFTDTERLIGDAAKNQ 59

Zebrafish MSSPKGIAIGIDLGTTY SCVGVSQHGKVEIIANDQGNRTTPSYVAFTNAERLIGDAAKNL 60

Hsc70 MSKGPAVGIDLGTTIY SCVGVFQHGKVEIIANDQGNRTTPSYVAFTDTERLIGDAAKNQ 58

Trout MSKGPAVGIDLGTTY SCVGVFQHGKVEIIANDQGNRTTPSYVAFTDSERLIGDAAKNQ 58
hhk kofkkkkkkhkkkhkkhk hhkhkkhkhkhhkhhhkhhhhkhhhhkhhkdhhdk: - kkhkhhkhkdk

GIDLGTT

5'-GGT/A ATT/C GAT/C CTG/C GGT/A ACC/A AC-3’

5'-GGW ATY GAY CTS GGW ACM AC-3'

(B)

Fugu LEKVCNPIISNLYQ-—--——- GGMP----GGNPGGQSQSSS----JGPTIEEVD| 639
Tilapia LEKVCNPIISKLYQ-—--——- GGMPT---GATCGEQARAGS----QGPTIEEVD| 639
Zebrafish LEKVCNPVISKLYQ------ GGMP----AGGCGAQARAASGASAQGPTIEEVD| 643
Hsc70 LEKVCNPIITKLYQSAGGMPGGMPGGMPGGFPG-GGAPPSGGASYGPTIEEVD| 650
Trout LEKVCNPIITKLYQGAGGMPGGMPEGMAGGFPGAGGAAPGGGGSqGPTIEEVD 651
deRAkMRk ks ok o Rl | b e -
GPTIEEVD#

5'-TTA A/GTC A/G/CAC C/TTC C/TTC A/GAT G/TGT-3’

5'-TTA RTC VAC YTC RAT KGT-3'

Figure 2.2: The design of degenerate fish hsp70 primers from the consensus sequence of aligned
Fugu, tilapia, zebrafish, rainbow trout and bovine 70 kDa heat shock proteins. The conserved
amino acids at the N- and C- termini of the Hsp#@se back translated to DNA sequences using the
L. chalumnae codon usage table. (A) Hsp70 N-terminus was usedesign a degenerate Fish70F/2
primer. (B) Hsp70 C-terminus was used to desigregederate Fish70R/2 primer. W=T/A; Y= T/C;
S=G/C; M= C/A; R= AIG; V=A/G/C; and K=G/T. Identitar similar residues are indicated by * or :
or..

Additional to these regions, a conserved LLQDFFNfn@ acid sequence was also
identified between the regions encoding the ATPas# substrate-binding domain,
based on which two unique guessmer internal primdfsh70/IntF2 and
Fish70/IntF2_R were designed (Table 2.2).
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Table 2. 2. Primersfor the PCR isolation of L. chalumnae hsp70 coding regions

Name of Amino acid Nucleotide sequence

primer sequence

Lchsp70 primers based on predicted sequence

Fish 70F/2 GIDLGTT 5-GGWATYGAYCTSGGWACMAC-3'
Fish 70/intF2 | QDFFNG 5-CCGTTGAAGAAGTCT-3'

Fish LLQDFFN 5-CAGGATTTCTTCAACCG-3'
70/intF2_R

Fish 70R/2 GPTIEEVD 5_TTARTCVACYTCRATKGT-3'

Lchsp70 primers based on known sequence
Fish70F/3.2 5-AGATCATCACCAATGACCAG-3'
Fish70R/3.1 5-TTAGTCGACTTCTTCAATGGT-3

The hsp70 5' fragments encoding the N-terminal ATPase domaia amplified with
primers Fish70F/2 and Fish70/IntF2_R while tigp70 3' fragment encoding the C-
terminal domains was amplified with primers Fishid%2 and Fish70R/2.
Degenerate primers Fish70F/2 and Fish70R/2 wera tasamplify the coding region
of the induciblensp70 encoding most of the N-terminal ATPase domain tedC-
terminal substrate-binding domain of Hsp70 (ref@re as partial full-lengtlinsp70

gene or LcHsp70 protein from here on).

2.3.3 Isolation of L. chalumnae hsp70 fragments

The PCR to isolate thksp70 5' fragment encoding the ATPase domain yielded a
1048 bphsp70 fragment (Figure 2.3A, lane 1) while a 873 bp fagt was obtained
from the reaction to isolate thHesp70 3' fragment encoding the Hsp70 C-terminal
region (Figure 2.3A, lane 2). The recombinant pGEMonstruct containing the
hsp70 5' PCR fragment product was nanmsEM-T_LcN. Similarly, the recombinant
PGEM-T construct containing thesp70 3' PCR fragment was nampGEM-T_LcC.

Since the full-length coding region could not beéamted using the degenerate primers
Fish70F/2 and Fish70R/2, a setlofchalumnae hsp70 specific primers was designed
based on the sequence of the insert fragmente@GBM-T_LcN andpGEM-T_LcC

plasmid constructs. The Fish70F/3.2 primer was dasethe nucleotide sequence of
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the L. chalumnae 5' hsp70 fragment internal to the position of degeneratengrs
Fish70F/2. The reverse primer, Fish70R/3.1 wasdasethe C-terminal end of the
hsp70 3' fragment. The combination of this Fish70F/3r&l &ish70R/3.1 primers
yielded a 1840 bp fragment encoding a partial lerigth Hsp70 (Figure 2.3B, lane 1
and 2). The recombinant product pGEM-T construct&@ioing the partial full-length
hsp70 was name@GEM-T_LmHsp70.

(A) (B)

bp M 1 2

11479 »
5077, 4749, 4507 »
1159,1093>» hsp70 5’ end
805 hsp70 3" end 2838 >
1700 > Partial full-length Asp70
514
1159,1093>»
468, 448> 805>
264, 247>

Figure 2.3: Isolation of fragment of the L. chalumnae hsp70 gene encoding the ATPase domain,
substrate binding domain, and the partial full-length Hsp70. (A) Isolation of fragments of the
hsp70 coding regiongrom L. chalumnae genomic DNA. Lane M # Pst | size marker; Lane 1 = 1048
bp PCR product of thie. chalumnae hsp70, encoding the N-terminal ATPase domain; lane 2 =873
PCR product of thé. chalumnae hsp70 encoding the substrate-binding domain. (B) Isotatf the
partial full-lengthhsp70 coding region from high molecular weight DNA usihgchalumnae hsp70
specific primers. Lane M % Pst | size marker; lane 1 and 2 = 1840 bp PCR prodacbding the
partial full-lengthhsp70.

The predicted amino acid sequence of thechalumnae partial full-length Hsp70
(LcHsp70) had 82 % identity to the bovine Hsc7Qdiwkd by theFugu, zebrafish
and human Hsp70s at 81 %, 80 % and 76 % idenéigpeactively. At the amino acid
level, there were considerably more differenceswben the partial full-length
sequence and the N-terminal sequence (9 %) thamebntthe partial full-length
sequence and the C-terminal sequence (less thap (Eigtire 2.4 and 2.5). This is
particularly interesting in the context that theremconserved region of Hsp70 is the
N-terminal ATPase domain. It is therefore possilhat the three sequences,
especially the partial full-length and N-terminalgsiences, represent differdisp70

genes (Figure 2. 4 and 2.5).
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Phosphate 1 binding region
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Figure 2.4: Alignment of the primary amino acid sequences of the AT Pase domains of the bovine
Hsc70 (Bovine), human Hsp70 (Human), Fugu Hsp70 (Fugu), zebrafish Hsp70 (Zebrafish), an L.
chalumnae partial full-length Hsp70 (LcHsp70), an L. chalumnae Hsp70 N-terminal region (LcN)

and an L. chalumnae Hsp70 C-terminal region (LcC). The N-terminal ATPase domain has the
following functional and structural elements: ATRYR phosphate binding sites; connect 1 and connect
2 and region of adenosine binding (Baxkal., 1992). Residues boxed in red are involved in the
interaction with ATP/ADP molecules (Flahery al., 1994). Residues boxed in green are critical for
ATP hydrolysis. The linker region (underlined withsolid black line) joins the ATPase and the
substrate-binding domain (shown in Figure 2.5).iRess of the linker region shown by arrows are
important for Hsp70 chaperone function (Jiagal., 2005). Residue boxed in orange and residues
indicated by arrows (other than those in the linkegion) form hydrophobic interaction and salt
bridges at the subdomain interface, respectivelgn@let al., 2005). The black shading indicates
identical residues, the grey shading indicates laimiesidues, and the white shading highlights
differences.

Both theL. chalumnae N-terminal and partial full-length Hsp70 proteingeences
had conserved amino acid residues typically fourtdimwthe Hsp70 ATPase domain,

that are known to play a role in ATP binding, hyglsis and nucleotide exchange
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mediated by this domain (Figure 2. 4). The alignir{&mgure 2.4) revealed a 100%
conservation of residues involved in the interactiof Hsp70s with ADP/ATP
molecules. The LcN and LcHsp70 protein sequences Weand 27 residues shorter
than the bovine Hsc70, respectively (Figure 2R8sidues Asj, Thr3, Thr4, Tyr™,
GIu'®, Asp'® Th® Asp®, GIy**® and Asp® of the bovine Hsc70 (Flaherg al.,
1994) were 100 % conserved in corresponding residafethe LcHsp70. Also
conserved in the LcHsp70 and LcN ATPase domain wesilues equivalent to and
Try**®, Asm>h Asp™? GIUA*® and Vaf*® in bovine Hsc70. These residues were found
to be equivalent to the residues ¥ty Asnt*’, Asp™*® GIU*'" and Vaf*® in DnaKk,
which have been shown to form the site of inteasctivith Hsp40 (Géassleat al.,
1998; Sulet al., 1998).

In the substrate-binding domain residues of bovise70, residues THP, Ala*®
Phé?® val**® 11e*? and 11¢”* form a hydrophobic cluster for interaction the wit
peptide substrate (Morshaustml., 1999). Equivalent residues in LcHsp70 and LcC
were also conserved (boxed in blue in figure 2A%0 conserved were residues
Ala®”® and Tyf* in LcHsp70, and AI& and Tyf' in LcC which were found
equivalent to AI&® and Tyf*!in bovine Hsc70. These two residues form a bridge
over the peptide binding channel of Hsc70 (Morskaetsal., 1999).
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Fugu
Zebrafish
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GGMP repeat
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GPTIEEVD

Figure 2.5: Alignment of the primary amino acid sequences of the substrate binding domain
(including the C-termianal domain) of the bovine Hsc70 (Bovine), human Hsp70 (Human), Fugu
Hsp70 (Fugu), zebrafish Hsp70 (Zebrafish), an L. chalumnae partial full-length Hsp70
(LcHsp70), an L. chalumnae Hsp70 N-terminal region (LcN) and an L. chalumnae Hsp70 C-
terminal region (LcC). All the fish Hsp70s and the bovine Hsc70 terngsawith the GPTIEEVD
motif involved in the interaction of Hsp70 with H&YHsp90 organizing protein (Scheuflaral.,
2000). Residues of the substrate binding domairtax blue interact with the peptide substrate (Zhu
et al., 1996). Interaction between the substrate bindimd) helical lid occurs through residues boxed in
magenta (Zhet al., 1996). Residues boxed in orange and residuksaited by arrows are predicted to
form hydrophobic interaction and salt bridges a #ubdomain interface (Jiargy al., 2005). The
numbering is continued from Figure 2.4. The blablading indicates identical residues, the grey
shading indicates similar residues, and the whigglsg highlights differences.

A homology model of LcHsp70 using the crystal stumoe of the bovine Hsc70 as
template revealed high level of similarity to thevime Hsc70 (Figure 2.6). Residues

218 11e°** and Val*® which form a hydrophobic interaction, salt briddestween

lle
Glu>*°and Lys?*®and between Ly4*and Asp°?at the ATPase and substrate binding
domain interface have recently been shown to playola in bovine Hsc70
interdomain communication (Jiamgal., 2005). Equivalent residues & 11e*®® and
Val*®? which form a hydrophobic interaction, salt briddmsween Asp®and Ly$*®
and between Ly’ and Asp®at the ATPase and substrate binding domain interfac

of LcHsp70 were also conserved (figure 2.4 andrég.5). However, GRI® was
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equivalent to Asp>. In the linker region residues were also conserietisp70 and
LcC sequences terminated with a C-terminal EEVDifinkhown to be the site of
interaction with the Hsp70/Hsp90 organizing proteitop (Scheufleret al., 2000;

Figure 2.5).

Figure 2.6: The ribbon representation of a homology model of LcHsp70. The model was generated
using SWISSMODEL browser in First Approach Modelitswissmodel.expasy.org/ [Peitsch, 1996])
with bovine Hsc70 (PDB code: 1YUW; Jiaegal., 2005) as template. The structure was visualized
using PyMol (DeLanat al., 2003). Salt bridges are predicted to occur betw2125 and K497, and
K298 and D503 (black and red residues). Predictettdphobic interactions are predicted to occur
between 1189, 1488 and V492 (magenta residues)1\é8&l L366 in the linker region are shown in
orange. The ATPase domain is shown in blue, thetinegion in red and the substrate binding domain
in green.

The neighbour-joining method (NJ [figure 2.7]) tmrewealed that LcHsp70 formed a
monophyletic branch A2 within the fish Hsp70 clust#. It was particularly
interesting that although the LcHsp70 clusterechwish it did not fall into the
distinctive fish cluster Al. Notwithstanding thisding, LcHsp70 was found to be

more closely related to fish than amphibian, teichpnd bacterial Hsp70s. These data
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did not diverge from the theme that the lungfisd aot the coelacanth is the closest

relative to tetrapods

{ Chinese medaka

Southern platyfish

L Tilapia
Al Fugu
Zebrafish > Fish

A —I: Rainbow trout
Chinook salmon

A2

African coelacanth

Frog } Amphibian

— Rat
| Bovine } Tetrapods

|—E_ oli ;
Eee } Bacteria

Figure 2.7: NJ tree representative of the phylogenetic relationship of L. chalumnae (African
Coelacanth) to fish, amphibians, tetrapods and bacteria. The NJ tree was generated using Mega3
software (Nei, 2004) and Hsp70 protein sequena@s the organisms indicated. A= fish cluster; Al=
typical fish cluster; and A2=monophyletic LcHsp7@ubch.

2.4 Discussion

The successful cloning of three distinct nokigh70 related sequences (5’-sequence,
3’-sequence and partial full-length sequence) sfisosuggests the existence of at
leasthsp70 genes on thé. chalumnae genome. This is finding is consistent with the
discovery of a cluster of fivesp70 genes irF. rubripes (Lim and Brenner, 1999). In
addition, the discovery that the partial full-lemgtoding region is intronless strongly
suggests the presence of at least one indudig@0 gene in thel. chalumnae
genome. It is therefore likely that an inducible pA8-based cytoprotection
mechanism exists in the coelacanth, as has beerd féar other fish species as
mentioned in section 2.1. This suggestion shouldever, be made in light of the
finding that in the highly cold-adapted, Antardigteost fish,Trematomus bernacchii,
heat stress did not result in the upregulation hd heat induciblehsp70 gene

(Hofmannet al., 2000). It therefore becomes important to inggda the structure and
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function of the promoter/regulatory region drivitige expression of these genes, and
to ascertain their response to thermal stressraparter gene expression system. The
presence of the conserved regions of a typical A€R@main suggests the expression
of an Hsp70 protein that is functionally regulatédy an ADP/ATP cycle.
Furthermore, the C-terminal EEVD motif suggestsoasible chaperone mechanism
involving Hop and Hsp90 (Scheufletral., 2000).

The patrtial full-length coding sequence will be gbdated and validated as part of a
strategy to obtain a full coelacarip70 gene using a genomic library. It will also be
interesting to investigate if the coelacanth Hspd@A functionally replace Hsp70s in
Hsp70-deleted strains of suitable yeast or badteyistems, thereby enabling am

vivo characterization of the coelacanth chaperone machi
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Chapter 3

Isolation of a Latimeria menadoensis intronless hsp70 gene L mhsp70)

3.1 Introduction

Fish are adapted to live at various ambient tentpesa and have also developed
mechanisms to cope with daily and seasonal temperahanges. For these reasons,
fish have been considered as an ideal model toystytbprotection, especially
thermal response (Ojima and Yamashita, 2004). Hhelatced expression disp70
genes is regulated at the transcription level kgt Bhock factor 1 (HSF1) (Morimoto,
1992; Morimoto, 1998). Heat stress causes the tmagon and binding of HSF1 to
the heat shock elements HSEs on hlg70 promoter (Morimoto, 1992; Morimoto,
1998). The HSE sequence has been determined as RGAL, where xx represents
any possible nucleotide (Pelham and Bienz, 1982n8i 1985; Morimoto, 1992;
Morimoto, 1998).

The 1.5 kb regulatory region of the zebrafisp70-4 coding region has been isolated
and shown to contain a TATAA, CCAAT and HSEs, aithim 638 bp upstream of
the initiation methionine (Halloragt al., 2000). Both the 1.5 kb and 638 bp fragments
were demonstrated to drive to expression of GFR rieporter construct in zebrafish
transgenic lines under heat shock (Hallozal ., 2000).

Molina and coworkers isolated an intronldésp70 gene including an upstream 1 kb
regulatory region and an open reading frame of 192@ncoding the entire tilapia
Hsp70 protein (Molineaet al., 2000). In contrast to the zebrafislgp70 regulatory
region, the TATA box, CCAAT box and three HSEs waltavithin the 1 kb from the
initiation methionine. The HSEs occurred at -815 4500 bp, and -179 bp upstream
of the transcriptional start, respectively. Althbuthe entire regulatory region was
able to drive the expression of reporter genes hieat shock dependent manner, the
distal HSE (-800 bp) was shown to be importanttf@ heat shock response of the
tilapia hsp70 promoter (Molinaet al., 2001 and 2002).
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The aim of the study presented in this chapter twasolate the completemhsp70
coding region as part of the strategy to identtig £mhsp70 upstream regulatory
region. It was also the aim of the study to detasmihe putativehsp70 promoter
elements and to set testable predictions on thieitazcibility of this promoter.

3.2 Experimental Procedures

3.2.1 Screening of thd.. menadoensis bacterial artificial chromosome (BAC)

library with an L. chalumnae hsp70 5'-probe

Detailed protocols on the labelling of probes witi’P-dCTP, high density colony
filters and hybridisation conditions are outlinedAppendix D.

Danke and co-workers successfully constructggC@BACIE vector-based genomic
library with an estimated insert size of 171 kb ifkaet al., 2004). The pCCBACIE
vector (Epicentre, USA) has a single cdpycoli F-factor replicon and a high-copy
origin of replication called driv”. Other features of the vector includes a
chloramphenicol-resistance gene as an antibiotiectsdle marker, primer binding
sites for BAC-end sequencing,Not | sites surrounding th&am HI, Hind 1l and
EcoR | cloning sites, and a bacteriophagel®® site for Cre-recombinase cleavage.
The vector is linearized at a unique restrictiomy@me recognition siteBamH |, Hind

[Il or EcoR 1), dephosphorylated, and highly purified to eeswery low background
(pCCBACIE plasmid map provided Appendix Figure B2.3

For screening of the. menadoensis genomic library, a 220 bp probe was isolated by
PCR from thegpGEM-T_LcN plasmid using the forward primer (ProbelF: TTG AAG
TAA AGT CTA CAG C) and reverse primer (ProbelR: AGNC GAT TTC AAT
ACT GG). The probe will be referred to as thehsp70 5-probe from hereon
(Appendix Figure D4.1)Lchsp70 5-probe was labelled with-**P dCTP as outlined

in Appendix D2 and subsequently used to hybridioéorty filters of 110 592
transformants of thé. menadoensis BAC genomic library. BAC DNA was isolated

from twenty-six putative hsp70 containing library transformants and further
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confirmed by PCR using the same primers used latesohelLchsp70 5-probe. The
isolated putativehsp70 containing BAC clones were restricted witlot | to release

the BAC inserts and to determine the average issszt(Dankeet al., 2004).

We were supplied with the twenty-si coli DH10BT transformants containing the

putativehsp70 BACs for further analysis.

3.2.2 Isolation of theL.. menadoensis partial full-length hsp70 coding region

The twenty-sixEscherichia coli DH10BT transformants housing the BAC phagemid
(called BAC1 to BAC26) containing putativisp70 sequences were grown overnight
in 5 ml 2x YT broth supplemented with 3&/ml chloroamphenicol at 3€ and
shook at 200 rpm. BAC DNA was isolated from ovehigultures using the QIAprep
large construct isolation kit (Qiagen, Germany)gBmerate primers, Fish70F/2 and
Fish70R/2 (degenerate fisisp70 primers designed to amplify thep70 partial-full
fragment as described in section 3.3.2) were usdtCR with the isolated phagemid
DNA as template. Each reaction was carried out 50gl as described in section
2.2.2 and analysed as described in section 2.2&.PICR product from the reaction
with BAC25 DNA as template was gel purified ancated into pGEM-T Easy vector
as described in Appendix A4. The resultant constuas namegGEM-T_Lmhsp70.
The PCR and cloning of the BAC25 PCR product wasexhout three independent
times to account for PCR errors. TMSEM-T_Lmhsp70 sequence was used to
design the BAC25/70F and BAC25/70Rsp which wereduse amplify thelL.
menadoensis specifichsp70 probe [mhsp70 5 probe) (described in 3.2.3) and also
the BAC25/70R primer used to isolate the full-ldniginhsp70 fragment (described in
section 3.2.5).

3.2.3 Construction and screening of the BAC25 mini-libray
BAC25 DNA (1 pg) was partially digested witlkau 3A (Roche, Germany) and
samples were resolved on a 0.8% agarose gel (App&®). The digested BAC25

DNA fragments between 1-1.7 kb were gel purifiezhfrthe sample with most of the
restricted DNA at 1-1.7 kb using the GFX DNA puwdtion kit (Amersham,
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Sweeden). Purified DNA was ligated into tiBam HI site of the pBK-CMV
phagemid (plasmid map provided in Appendix Figu&4B using the mass excision
protocol of theAZAP Express vector kit (Stratagene, USA). The rduoant pBK-
CMV phagemid was transformed inEo coli XLI Blue cells and plated onto 2x YT
agar plates containing 5Qg/ml of kanamycin (Appendix A5). Colonies were
inoculated into 5 ml of 2x YT broth supplementedhab0 ug/ml of kanamycin and
incubated at 37°C overnight. Phagemid DNA was fsdlausing the smart buffer
plasmid isolation protocol (Appendix Al2). The irtsesize of the library was
estimated by digesting the phagemid DNA vito Rl andPst | to release the inserts
(Appendix A6). Since the size of BAC25 was appnaiely 178 kb, a minimum of
600 ligated fragments of 1 kb in size were caladab be necessary to have a 95%
confidence that any 1 kb fragment will be represeérat least once in the library.

To screen the BAC25 mini-library, 3000 transfornsamtere robotically inoculated
into eight 384 well plates containing 0 of 2x YT broth supplemented with 50
pg/ml of kanamycin and the plate were incubated &C3overnight. Overnight
cultures were robotically spotted on Hybord/bridization membrane (Amersham,
Sweeden) to make a high density membrane whichivcabated at 37°C overnight.
The colonies on the membrane were lysed usingythe $olution (2x SSC; 5% SDS)
followed by a proteinase K treatment (Proteinasbuffer: 50 mM Tris [pH 8]; 50
mM EDTA; 100 mM NaCl; 1% N-lauryl sarcosine; 10 md/proteinase K). UV
(ultraviolet) crosslinking was carried out using t8tratalinker 1800 UV Crosslinker
(Stratagene, USA) using the “autocrosslink” settwigjle the filter was still damp.
Hybridisation was carried out with the-*P dCTP labelledLmhsp70 5 probe
(detailed protocol is supplied in the Appendix D).

An L. menadoensis specifichsp70 probe [mhsp70 5 probe, Appendix Figure D4.1)
was isolated from the@GEM-T_Lmhsp70 plasmid DNA using the High Fidelity
Expand PCR kit (Promega, USA) with BACZ2%p70 specific forward primer
BAC25/70F (5ACC TCG GTA CCA CTT ACT C-3 and reverse primer
BAC25/70Rsp (5AGA GTT TCA TGT CTG ATT GG). The position of theimers
was designed so that the amplified probe occurréideamost 5' portion of the coding

region. The practical significance of this is thgbridization with a probe at the most
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5' portion of the coding region as opposed tolitlesp70 5' probe (Appendix Figure
D4.2) would increase the probability to hybridiz@gments containing both the
upstream regulatory region and a portion of thangpdegion. Thd.mhsp70 5'-probe
was used to probe the Hybdndhybridization membrane containing the 3000
transformants isolated from the BAC25 mini-library.

Positive colonies were inoculated into 5 ml of ZX Jupplemented with 50g/ml of
kanamycin. Plasmid DNA was isolated from overnighttures using the QIlAprep
miniprep kit (Qiagen, Germany), sequenced and aedlyas outlined in section 2.2.4.
The pBK-CMV phagemid mini-library recombinant idiéieid to contain a regulatory
region upstream of theLmhsp70 coding region of was namedoBK-
CMV_BAC25prom. The plasmid construct was sequenced and use figndédse
FL_Lm70 forward primer as described section 3.2.5.

3.2.4 Pulsed field gel electrophoresis (PFGE)

Putativehsp70 containing BAC DNA was isolated from positive coles identified
by screening thé. menadoensis BAC genomic library with thé. chalumnae hsp70
specific 220 bp probe described in section 3.2d Appendix D chsp70 5' probe).
The average insert size was estimatedoblyl restriction digests of the isolated BAC
DNA and its subjection to PFGE conducted in 1 %ragg gel (0.5X TBE: 45 mM
Tris; 45 mM Borate; 1 mM EDTA) using a CHEF DRIiti(Biorad, USA) at 0.1-40
s switching time, 6 V/cm field strength, 120° reotation angle, 14°C chamber
temperature, and 16 h run time. Low range PFGE cntde weight markers (New
England Biolabs, United Kingdom) were used to deiee the size of the insert
(Dankeet al., 2004).

3.2.5 Isolation of the full-length Lmhsp70 coding region

An Lmhsp70 specific forward primer FL_Lm70 (ATG TCT GCA GCC AAG GGA
G-3) was designed based on the most 5' portioongfsp70 encoding the LmHsp70
beginning with the initiation methionine as deterad from the pBK-
CMV_BAC25prom phagemid construct. Thie. menadoensis hsp70 specific reverse
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primer BAC25/70R (5 TTA ATC GAC CTC TTC AAT G-3) was designed based
on the 3' terminal portion of partial full-lengtbmhsp70 as determined in the
nucleotide sequence pGEM-T_Lmhsp70. PCR with the FL_Lm70 and BAC25/70R
primer combination was used to isolate the 1926fdiplength Lmhsp70 PCR
fragment from the BAC25 DNA. PCR was carried outlascribed in Appendix A3.
The PCR product was gel purified and ligated inG@EM-T Easy as outlined in
Appendix A4-A6. Three independent PCRs were camigido eliminate PCR errors.
The resultant plasmid construct was nap@&&EM-T_FLLmhsp70.

3.2.6 Bioinformatic Analyses

The prediction of putative heat shock element awegrin the regulatory region at the
5'-end of theLmhsp70 coding region was carried out using the TransiompEactor
Search software (TFSEARCH; Heinemeyer al., 1998) at default settings.
TFSEARCH software searches the highly correlatepiesece fragments against the
transcription factor binding sites profiles databasthe “TRANSFAC” database. The
TRANSFAC database provides information on the genominding sites of
eukaryotic factors and the binding protein (Heingeneet al., 1998). The software

was accessed on the 07 October 2005.

Putative promoter sequences in the same region predicted using the Berkeley
Drosophila Genome Project (BDGP): Neural NetworkrRoter Prediction Software
at default settings (www.fruitfly.org; Reese, 200Ihis promoter prediction system
uses a technique that combines neural networkswetght pruning. While the neural
networks recognises a promoter until the lowestimmim, the pruning function
removes prediction that are of lowest predictiolugaThis process is repeated until
the lowest error is achieved. By analysing the iedexr of the weight the pruned
neural networks provide information on the specifiositions of the promoter

elements. The software was accessed on the 07 €&&@6D5.
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3.3Results

3.3.1 Isolation of thel.. menadoensis partial full-length hsp70 coding region

Not | restriction analysis of the BAC DNA isolated fnothe twenty-six putative
hsp70-containing transformants of tHe menadoensis genomic library yielded an
average insert size of 170 kb (Figure 3.1; Dagila., 2004).

M12 34

6 78 9 10 1112131415161718 1920212223 242526 M

kb

» BAC inserts

<+ pCCBACIE
BAC vector
(8.128 kb)

Figure 3.1: Pulse field gel electrophoresis (PFGE)f twenty-six putative hsp70 containing L
menadoensis BAC plasmids. The average insert size was estimated at 170 kb djgestion of the
isolated BAC DNA withNot 1 and its subjection to PFGE electrophoresis ddi26) on 1% agaose.
M= low range PFGE molecular weight markers (New |&nd Biolabs, United Kingdom). The Not 1
digest released the BAC genomic inserts from theRE&C1E BAC vector.

8§ 9 10 11 12 13 M 14 15 16 17 18 19 20 21 22 23 24 25 126

Figure 3.2: PCR scanning of the putativehsp70 containing L. menadoensis BAC plasmid. PCR
was conducted in reactions containing BAC1-BAC26easplates and degenerate flep70 primers
described in section 3.3.2 to amplify the regioag@sponding to the partial full-lengtip70 coding
region described in chapter 2. The PCR productg wesolved using 0.8% agarose gel electrophoresis.
M= A Pst | molecular size marker; 1-26= PCR product obihifoem BAC 1-26.
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The presence of partial full-lenghisp70 coding region in all the twenty-six putative
hsp70 containing BACs was investigated by PCR screemiitly degenerate primers
Fish70F/2 and Fish70R/2 (as described in secti8r22. These primers were shown
to amplify a partial full-length fragment of thetianlessL. chalumnae hsp70 coding

region.

Eighteen of the twenty-six BACs yielded PCR produeinging between 1.7 and 5.0
kb (Figure 3.2). While no PCR products were obtairem BACs 2; 4; 14; 16; 18;

19 and 23, a 1.7 kb PCR product was obtained frét@86-9; 15; 17 and 20. PCR
from BACs 11; 13; 24; 25 and 26 yielded a 1.9 kdgfment while BACs 1; 3; 5; 10

and 22 yielded a 2.8 kb fragment. A much largerkh@ragment was obtained from
PCR on BAC21.

Sequence analysis of tiE&SEM-T_Lmhsp70 plasmid construct containing the PCR
product obtained from BAC25 yielded an 1899 bpankesshsp70 segment encoding
a 633 amino acids patrtial full-length Hsp70 protg@tigure 3.3). Thid.. menadoensis
partial full-lengthhsp70 fragment had a 99.6% and 99.1% identity to thdeaticle

and amino acid sequenced.chsp70 and LcHsp70, respectively.

3.3.2 Construction and screening of the BAC25 mini-libray

To isolate the completé. menadoensis hsp70 gene including the '5 regulatory
region, a mini-library of BAC25 was constructedBAC25 partial digest was carried
out (Figure 3.4A) and the fragments between 1-b.7nklane 3 in Figure 3.4A were
gel purified and ligated into the pBK-CMV phagenvieictor. TheBam HI and Pst |
digestion of the phagemid DNA isolated from theutemt transformants yielded an
estimated size of the inserts in the library at2¥b (Figure, 3.4B). A total of 3000

transformants were selected to make a library ghddisation filters.

Screening of the BAC25 mini-library with thenhsp70 5 probe described in section
3.2.3 yielded 20 positives (Figure 3.5). PhagemidADwas isolated from eight
randomly selected transformants and sequenced Withromoter and T3 promoter

based sequencing primers.

63



Chapter 3

GGAATTGACCTCGGTACCACTTACTCCTGCGTGGGTCTCTTCCAGCATGGCAAAGTGGAGATCATCGCCAATGACCAGGGCAACAGGACG
G I b L G TT Y s CV GV F Q HG K V E I I ANDGQGNUZRT

ACTCCCAGCTACGTGGCTTTCACTGACACGGAGAGGCTCATTGGAGACGCGGCCAAGAACCAGGTGGCCCTGAATCCCCAGAACACTGTC
T P S Y V A F T D T EURL I G D A A KN NOGQV A L NP QN TV

TTCGATGCCAAGAGACTGAT TGGGAGGAAATTTGACGATTCAGTGGTCCAATCAGACATGAAACTCTGGCCTTTTAAAGTCGTGAGTGAC
F D A KRULTIGRI KVPFUDUDSVV Q S DMI KU LWUPTFI KV V S5 D

ACTGGGAAGCCCAAGGTGCAGGTGGAATACAAGGGAGAAGCGAAGAGCTTCTACCCAGAAGAGATCTCTTCCATGGTATTGACCAAGATG
T 6 K P K V Q¢ VvV E Y K 6 E A K 5 F ¥ P E E I 5§58 S M V L T K M

AARAGAGATTGCAGARAGCTTACCTGGGCCAAACAGTGGTCAATGCTGTCATCACTGTCCCCGCCTACTTCAATGATTCCCAGCGTCAGGCT
K E I A E A ¥ L 6 Q TV V N A V I T V P A Y F ND S Q R Q A

ACCAAAGATGCTGGAGTGATCGCTGGTCTGAATGTCCTGAGAATCATCAATGAGCCCACAGCAGCTGCCATTGCATATGGACTGGATARR
T K D A GV I AGI LNV VUL LU RTITIWNEZPTM AWM AWM BATIWA AYSGTULTDK

AAGGGCAGAGGAGAGCGCAATATTCTTATCTTTGACCTGGGTGGAGGCACCTTTGACGTCTCTGTCCTCACCATTGATGATGGTATCTTT
K 6 R G ERNTIULTIUVFDLGGGT T FD YV S WV L T TIDTUDG I F

GAAGTARAGTCTACAGCTGGTGATACCCACCTGGGAGGAGAAGACTTTGACAATCGCATGGTCAACCACTTTATCACAGAGTTCAAGAGA
E VvV K S T A 6 D T H L 6 G E D FDNU RMVWVNU-HEUPFITE F K R

AAGCACAAGAAGGACTTTAGTGAGAACRAAAGGGCAGTCAGGAGGCTTCGGACAGCCTGCGAGAGAGCTAAGAGGACTCTGTCTTCCAGC
K H K K D F s ENK KU RA AUV RURILURTATCEUZRA AI KU RTIL S S 8

ACTCAGGCCAGTATTGAAATTGACTCTTTGTATGAGGGTATTGACTTCTATACATCTATTACCAGGGCTCGCTTTGAAGAGCTGAATGCC
T Q A § I E I D 8 L Y E G I D F Y T S I TR ARV FEETULN A

GACCTCTTTAGGGGAACCCTGGAACCTGTAGAGAAATCCCTCCGAGATGCTAAATTAGACAAGTCTCAGATCCATGAGATCGTCTTGGTT
D L F R GGTULEUPV EXK S LRT DA AI KT LU DI K S I HETIUVTUL V

GGAGGATCTACCCGCATTCCCAAGATCCAGAAACTGCTGCAAGACTTCTTCAACGGCAGAGACCTGAACAAGAGCATCAACCCTGATGAR
G 6 s T R I P K I Q K L L Q D F F N G R DL N EK S I N P D E

GCCGTGGCTTATGGTGCTGCTGTCCAGGGAGCCATTCTGATGGGGGACAAATCTGAGAACGTGCAGGACCTGCTGCTGCTGGATGTCACT
A V A Y G A AV Q G A I L M G DK S ENWVQDILULULIULUDVT

CCGCTGTCCCTGGGTATAGAGACAGCAGGAGGGGTAATGACTGCCCTCATCAAACGCAACACCACCATCCCCACCAAGCAAACTCAGATT
P L S L G I ETAG G V MTATULTII KU RDNTTTIUPTI KUGQTOQTI

TTCACCACCTACTGTGACAATCAGCCCGGTGTCCTGATCCAAGTCTATGAGGGGGARAAGAGCCATGACCAAAGATAACAACCTGCTGGGA
F T T ¥ ¢C D N Q P GV L I Q VY E G E R AMTEKUDNWNINIULUL G

AAGTTTGAGCTGAGCAGAATTCCTCCTTCCCCTCGTGGCGTTCCACAGATCGAGGTCACCTTTGACATTGACGCCAATGGCATCATGARC
K F E L 88 R I P P 8 P R GV P Q I E V T F D I D ANGTIMN

GIGTCGGCTGCGGACAAGAGCACCGGCAAAGAGAACAAGATCACCATCACCAACGACAAGGGCAGGCTGAGCAAAGAGGATATCGACAGG
vV s A A D K s T G K ENIKTITTITWNDI KGU RIULSI KETUDTIT DR

ATGGTGCAGAATGCGAGAAAATACAAAGCAGAAGATGATGCACAGAGGGCGAATATAGCTGCCAAGAACTCCCTGGAGTCCTACGCCTTC
M V. Q NA R K Y KA EUDUDA AUG QI RANTIMAA AI KN STLE S Y A F

AACATGAAGAGTTCAGTGGAGGACGAGAACATGAGAGCGGAGGTTAGCGTAGACGATAAGGAGARAGTGATTGACATGTGTAACCAGACC
N M K S 8 VvV ED ENMUPRWAE V 5 VDD K EZ KV I DMTUCNOGQT

ATCTCCTGGCTGGACAGCAACCAGCTGGCTGAGAAGGACGAGTATGAGCACAAGAAGAAGGAACTGGAGCAAGTGTGCAAACCCATCATC
I 38 W L D S N Q L A E K D E Y E H KKK E L E Q V C K P I I

GCCAAGCTGTACCAGGGGGGCACGCCAGGAGGCTCTTGTGGAGCCCAAGCAGGCAAAGCTACCTACAGCCAAGGACCCACCATTGAAGAG
A K L Y Q G GGT PG G S C GA QA G K AT VY S QG P T I E E

GTCGATTAA 1859
N D ¥

Figure 3.3: Nucleotide and amino acid sequences thie partial full-length Lmhsp70 isolated from

BAC25 plasmid DNA using hsp70 degenerate primers Fish70/2 and Fish70R/ZLhe nucleotide
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sequence is the top sequence with the amino addrshin the below. The underlined nucleotide
sequence indicates the region PCR amplified torgéme¢hel.mhsp70 5 probe used to screen the BAC
25 mini-library in section 3.2.3 and Appendix Figub4.1. The numbering is based on the nucleotide

sequence. Nucleotides number 3 (A), 12 (C) andT)Sliffered to correspondinggmhsp70 full-length

nucleotides (Figure 3.7) 30 (C), 40 (G) and 42 (€3pectively. In both sequences, the said differen

were at the third base because of the degenerathyedfish70F/2.
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Decreasing units of Sau 3A

(B) BAC2S5 Sau 34 fragments ligated into pBK-CMY
M
kb

11.0
4 [TYTTSIS . pBK-CMV (4.5 kb)
2.8=—
1.7
1.1 Insert
0.8 fragments
0.5 (1-1.7 kb)

Figure 3.4: Mini-library of the hsp70- containing L. menadoensis BAC 25 into pBK-CMV
phagemid vector.(A) A 1% agarose gel of th8au 3a partial digest of BAC2DNA. Fragments
between 1 and 1.7 kb in lane 3 were gel purified legated into pBK-CMV phagemid using the ZAP
express (detailed protocol of tBau 3A digest is in Appendix A8). M% Pst | size marker; 1= 10 units
Sau 3A; 2 = 5 unitsSau 3A; 3 = 2.5 unitsSau 3A; 4 = 1.25 unitSau 3A; 5 = 0.625 unitSau 3A; 6 =
0.313 unitsSau 3A; 7 = 0.165 unitSau 3A; 8 = 0.078 unitsau 3A; 9 = 0.039 unit$Sau 3A; 10 =0
units Sau 3A. (B) A representative 0.8 % agarose gel of ngzioant pBK-CMV plasmids digested
with Pst | andEco RI. The average insert size was estimated at ki.7The pBK-CMV vector is

indicated at 4.5 kb and MEPst | size marker.
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Figure 3.5: Successful screening of BAC25 mini-library for consucts encoding the 5'-end of
Lmhsp70. (Al) and (A2) are examples and explanations of hesults present in (B) are read. Each
colony on each plate of the library is roboticalpyotted twice on the membrane in a different porsiti

In our case 8 plates were place on the same membeach plate spotted twice. The large square in
(A1) and (A2) represents a single square on a 38titer plate in (B). The same numbers in a squar
represents position of the first spot relativeht® $econd spot, which means that there will bazd od
sixteen spots per small square in (B) or a largeusgin (Al) and (A2). The spots are therefore used
determine the plate from which the clone was setecExample: if (A1) and (A2) represents squares
14M and 14N, then the positive colony in (A1) aA@) would have been selected from plates 2 and 1,
respectively. (B) An X-ray film after a 1 hour exquoe to a nylon membrane hydridized with -
labelledLmhsp70 5’ probe overnight. Each set of black spots per squegresent a positive colony at
that particular position (e.g. 20B) in a particytdaite (e.g. the plate number for spots in 20B; i$4

is 2; 14N is 1; etc. A total of twenty positivessaaearly identified.
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Sequence analysis of the recombinant plasmids lexv¢lat all the eight clones had
the same insert and one was chosen for furtheysisallhe 1.313 kb insert consisted
of theLmhsp70 1.227 kb upstream regulatory region and an 8&bmn encoding the
N-terminal end of the LmHsp70 (Figure 3.6). Onehsuecombinant pBK-CMV

phage was name pBEMV_BAC25promwas selected for further analysis

A search for transcription factor binding sitestire Lmhsp70 1.227 kb upstream
regulatory region using TFSEARCH software revedede putative HSEs. The most
proximal HSE1 was found at 411 bp upstream ofltmasp70 coding region. The
intermediate HSE 2 was found at 486 bp with onlyniédbleotides separating it from
HSE1. HSE3 occurred at 972 bp upstream otthksp70 coding region (Figure 3.6).
Also of interest was the finding that the predictd@Es contained two nGAANn

repeats.

A search for promoters using the Neural Networknfter Prediction software
revealed six (6) predicted promoters. Predicteanoters 1 and 2 occurred between
the most proximal HSE 1 and thenhsp70 coding region while predicted promoters 4
and 5 occurred at a position between HSE 2 andigtal HSE3. Promoter 6 occurred
at a position beyond HSE3 (Figure 3.6). Althoughctassical CCAAT boxes (Chae
et al., 2005; Molinaet al., 2000) were found in the regulatory region, twAAT
boxes were found (Figure 3.6). A TATA-box was foustd46 bp upstream of the

translation start of promoter 1.
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421

491

561

1051

1121

TGTGACTGAGGCTGAGACGCGTTGCGGAGGTGACACTCTCAACCTGGGGGAGGGTGTCTCCAGCACCACC
TACTGGCAGACGCTGGAGCAGCATCGACAGTATTTCTTTAGAATAAGTGTCCTCTAGGACCTGCTTCACG

Promoter 6
TGTCGTGGTAAGTGGACAAT . GGTGGTTAGTATATACGCACAGCGCAGATGTGAACTGGCACATTATATG

HSE3
TTTGTTTCTAATGTGAGTTGTTTCGCCTGAAGTAGAGAAAATTCCATAAAATAARAGAATTKGGGGAATC

Promoter 5
TTAGGTTAATTTTAATTGAAATTACTTTAATCCAAACACATCAAATAAAAAARACCCTTTTATGTCACTT

Promoter 4

AATAAGTGAGCTTCTTTTCTCCCTAATAATTAAARAATGTCTGCAGTTTCACAGCCCCARAANGCAAAAC

Promoter 3
TAGTCTATAAAATTTCAGTTCTGCTTAATTAAATGTAATATAATTTTAGTTCTAARATTTTATTGTTTTG

TTTTAAAACAATRAAAAGCAGCGCCATACAAGTTTGGRATTGTTTARATAAATAATTTATAGTTTTCTTCA
TTTCATAAAATACTTGAGARATTGCCAGAATTCTCCAGAGTCCAAAAACCGTTACAAACTTATAACATCG
TCTTTGTGGAAAAGACCTAATTATAATAATTTATGCAGAACCGAAAGCARATCGGCTCATCTGATTCGCC

HSE2
CCTCAAGCTGCCTAATTATAATAAATTATACCGATCATTCCCGAAGCTTTCCTCAAGCGGCCGTGTCGCG

HSE1l
GGGARAGAGGGCGAGCTCCCATTGGCCAGCGCGATCAGAACCTTCGGGAGGGTTGGGGETGGGCTGCTCGG

GTTAACGCCCAGTTAGCGCTCTGATCGGCTGAGACGCCTCAGGCAGGTAAGARAAGGGAGCACTCTGATT

GGCTGGGCTCGTTCCCACGCTTCCCGCGCGTGGCGAGTTTAGAACGTTGAGTGTGGGTATARAAAAGGAA

Promoter 2
CGGAGCGGCGGCCETTAGTCAGTCGAGGCAALCGACGGCAGAGAGAAGAGAGT TTCTGGACAAGTAACAA

Promoter 1
LAARNAG l" AAAAACAGAAAATTAAAAAAACCCTACTGTTTCATCTCACAAGTATTACTGCAGAAGAR

ACAGAGAGACTGGGTGAAGCATTCAGCACAACAAACATTATAGCAACTGARAAACCCTCCCACTGATTTC

LmHsp70 coding region
TCTCTTGAAGTATTGTGGAAGAATTCGAGGTTTGAGCETGTCTGCAGCCAAGGGAGTAGCTATTGGCATT

GACCTGGGCACCACTTACTCCTGCGTGGGTGTCTTCCAGCATGGCAAAGTGGA/ /GAAGAGGTCGATTAA

Figure 3.6: Annotation of the 1.2 kb regulatory regon upstream of theLmhsp70 coding region.
Nucleotide sequence of thelBhhsp70 regulatory region including the beginning and ehthe region
encoding the LmHsp70 protein (complete coding nedgsoshown in Figure 3.7). Three predicted HSEs
(HSE1, HSE2 and HSES3: bold, italics and underlinechur at 411(position 804-816), 486 (position
732-741) and 972 (position 246-255) nucleotidesrepsm of the start codon (ATG) of thenhsp70
open reading frame, respectively. Predicted promofe6 (bold and underlined) were found at
positions 1065-1114, 958-1008, 416-466, 371-4216-36 and 163-213, respectively. Putative
TATA-box and CAAT-boxes are boxed. Transcriptiogtdrts in each promoter are shown in a larger
font. An arrow indicates the start of thashsp70 encoding region.
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ATGTCTGCAGCCAAGGGAGTAGCTATTGGCATTGACCTGGGCACCACTTACTCCTGCGTGGGTGTCTTCCAGCATGGCAAAGTGGAGATC 90
M s A A K GVAIGIDULGTT Y SOCV GV F Q HGI KV EI

ATCGCCAATGACCAGGGCAACAGGACGACTCCCAGCTACGTGGCTTTCACTGACACGGAGAGGCTCATTGGAGACGCGGCCAAGAACCAG 180
I A NDQ GNIRTTUP S Y VAFTUDTEZRTIULTITGUDA AA AI KNDOQ Q

GTGGCCCTGAATCCCCAGAACACTGTCTTCGATGCCAAGAGACTGATTGGGAGGAAATTTGACGATTCAGTGGTCCAATCAGACATGARA 270
V A L NP Q NT V FDAI KU RILTIGIRI K FDUDS VYV Q S DMK

CTCTGGCCTTTTAAAGTCGTGAGTGACACTGGGAAGCCCAAGGTGCAGGTGGAATACAAGGGAGAAGCGAAGAGCTTCTACCCAGAAGAG 360
L WP F K VYV s DTG K P KV Q V EY K GEA AIZ K SV F Y PEE

ATCTCTTCCATGGTATTGACCAAGATGAAAGAGATTGCAGAAGCTTACCTGGGCCAAACAGTGGTCAATGCTGTCATCACTGTCCCCGCC 450
I s s M VLT KMXKXKEIAZEWA AYULG QT VYV N AV YV TITVPA

TACTTCAATGATTCCCAGCGTCAGGCTACCAAAGATGCTGGAGTGATCGCTGGTCTGAATGTCCTGAGAATCATCAATGAGCCCACAGCA 540
Y F N D S Q R Q A TXKDAGVYV I A GLNUVLIRTITINEUZPTA

GCTGCCATTGCATATGGACTGGATAAAAAGGGCAGAGGAGAGCGCAATATTCTTATCTTTGACCTGGGTGGAGGCACCTTTGACGTCTCT 630
A A I A Y G L DK K G RGEI RN NIUILTIUVFDULGSGGTF D V S

GTCCTCACCATTGATGATGGTATCTTTGAAGTAAAGTCTACAGCTGGTGATACCCACCTGGGAGGAGAAGACTTTGACAATCGCATGGTC 720
vV L TTIDUDGTIF E V K ST AGUDTUHULGTGEDTFDNIZ RMUYV

AACCACTTTATCACAGAGTTCAAGAGAAAGCACAAGAAGGACTTTAGTGAGAACAAAAGGGCAGTCAGGAGGCTTCGGACAGCCTGCGAG 810
N H F I T E F K R KHIKI KDV F S ENI KU RAVYVIRIRTILUZ RTATCE

AGAGCTAAGAGGACTCTGTCTTCCAGCACTCAGGCCAGTATTGAAATTGACTCTTTGTATGAGGGTATTGACTTCTATACATCTATTACC 900
R A KRTUL S S s T QA S 1IETIDSLYEGTIUDT FYTSTIT

AGGGCTCGCTTTGAAGAGCTGAATGCCGACCTCTTTAGGGGAACCCTGGAACCTGTAGAGAAATCCCTCCGAGATGCTAAATTAGACAAG 990
R A RF EEVLNADTULU FRGTULEU?PVEI K STULIRUDA AIZKTLTDK

TCTCAGATCCATGAGATCGTCTTGGTTGGAGGATCTACCCGCATTCCCAAGATCCAGAAACTGCTGCAAGACTTCTTCAACGGCAGAGAC 1080
S Q I H E I VLV G G S T RTI P XKTI QKL L QD F F NGRD

CTGAACAAGAGCATCAACCCTGATGAAGCCGTGGCTTATGGTGCTGCTGTCCAGGGAGCCATTCTGATGGGGGACAAATCTGAGAACGTG 1170
L N K S I N PDEA AV AYGA AR AV QGATITULMGT DI K SENUV

CAGGACCTGCTGCTGCTGGATGTCACTCCGCTGTCCCTGGGTATAGAGACAGCAGGAGGGGTAATGACTGCCCTCATCAAACGCAACACC 1260
Q DL L L LD VTU?PULSULGTIUETA ASGTGV VMTA ATLTIIZ KT RNT

ACCATCCCCACCAAGCAAACTCAGATTTTCACCACCTACTGTGACAATCAGCCCGGTGTCCTGATCCAAGTCTATGAGGGGGAAAGAGCC 1350
T I P T K Q T Q I FTT Y CDNGQUPGV LI QV Y EGETRA

ATGACCAAAGATAACAACCTGCTGGGAAAGTTTGAGCTGAGCAGAATTCCTCCTTCCCCTCGTGGCGTTCCACAGATCGAGGTCACCTTT 1440
M T K D NNULULGI KV F EL S RIUPUZPSPRGV P QI EVTTF

GACATTGACGCCAATGGCATCATGAACGTGTCGGCTGCGGACAAGAGCACCGGCAAAGAGAACAAGATCACCATCACCAACGACAAGGGC 1530
D I DANGTIMNDNVYVSAADI K STG XK ENI KTITTITNTUDIKG

AGGCTGAGCAAAGAGGATATCGACAGGATGGTGCAGAATGCGGAGAAATACAAAGCAGAAGATGATGCACAGAGGGCGAATATAGCTGCC 1620
R L S K ED I D RMVYVYQNA AEI K YU KA AETUDU DA AOQTRA ANTIA ANA-A

AAGAACTCCCTGGAGTCCTACGCCTTCAACATGAAGAGTTCAGTGGAGGACGAGAACATGAGAGCGGAGGTTAGCGTAGACGATAAGGAG 1710
K N S L E S Y A F NM K S SV EDENMRAEYV S VD DK E

AAAGTGATTGACATGTGTAACCAGACCATCTCCTGGCTGGACAGCAACCAGCTGGCTGAGAAGGACGAGTATGAGCACAAGAAGAAGGAA 1800
K v I DMCNOQOTTI S WIULD S N QUL AEI KUDEYEUHIZ KIKKE

CTGGAGCAAGTGTGCAAACCCATCATCGCCAAGCTGTACCAGGGGGGCACGCCAGGAGGCTCTTGTGGAGCCCAAGCAGGCAAAGCTACC 1890
L EQ VCZE KT PTITIAZEKTELTYZ QOGS GTU&®PGS G ST CGA AU QA ATGT KT AT

TACAGCCAAGGACCCACCATTGAAGAGGTCGATTAA 1926
Y S Q G P T I EE V D *

Figure 3.7: Nucleotide and amino acid sequences tfe full-length L. menadoensis hsp70. The
coding region was isolated with FL_Lm70 and BacRBR7primers. The nucleotide sequence is
indicated with lower case; the amino acid sequésdadicated with upper case. The numbering is
based on the nucleotide sequence.
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3.3.3 Bioinformatic analysis of the full-length L. menadoensis Hsp70

A PCR reaction to isolate the full-length menadoensis hsp70 coding region yielded
a 1. 926 kb fragment (Figure 3.7). The fragmenbded a full-length Hsp70 protein
with 84%, 81%, 80% and 76% identity to the bovinecHD, Fugu, zebrafish and

human Hsp70s, respectively.

The alignment (Figure 3.8) revealed a 100 % cordenv of residues involved in the
interaction of Hsp70s with ADP/ATP molecules. TheHsp70 protein sequence had
two extra residues at the N-terminus and elevetnetC-terminus than the bovine
Hsc70. Therefore, residues A8pThr®, Thr**, Tyr'>, GIU*®, Asp'®®, Thi®* Asp®
Gly**® and Asp® of the bovine Hsc70 (Flahergyal., 1994) corresponded to residues
Asp‘?, Thr®, Thr®, Tyr'’, GIu™, Asp?®, Th*%® Asp?®, Gly*** and Asp®®

Also conserved in the ATPase domain were residaesvalent to Try*°, Asn>*,
Asp™? GIU**® and Vaf'®in bovine Hsc70. These residues were found tajbevalent
to the residues TP, Asn’, Asp*®®, GIL*' and Vaf'® in DnaK, which have been
shown to form the site of interaction with Hsp40aé&Sleret al., 1998; Suhet al.,
1998).

In the substrate binding domain, residues equivateresidues THP® Ala*®, Phé®®
val*® 11e**® and 11é"f bovine Hsc70, which form a hydrophobic cluster f
interaction with the peptide substrate were alseseosed (boxed in blue in Figure

406
a

3.8; Morshauseet al., 1999). Also conserved were residues equivatertl and

Tyr431
channel the Hsc70 (Morshauserl., 1999). Residues LY% and Al&@>% shown to be
involved in the interaction of the helical lid anke substrate binding domain of
Hsc70 (Zhuet al., 1996) were equivalent to Gff and Se¥*in LmHsp70. LmHsp70
sequence terminated with a C-terminal EEVD motifioln to be the site of
interaction with the Hsp70/Hsp90 organizing proteitop (Scheufleret al., 2000;

Figure 3.8).

in bovine Hsc70. These two residues form a bridger eptide binding

The homology model of LmHsp70 using the crystalcttire of the bovine Hsc70 as
template revealed high level of similarity to thevime Hsc70 (Figure 3.9). Residues
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lle*® 11e*® and Val'® which form a hydrophobic interaction, salt bridgestween
Glu**and Ly$?*®and between Lyé*and Asg>?at the ATPase and substrate binding
domain interface have recently been shown to playola in bovine Hsc70
interdomain communication (Jiare al., 2005). Equivalent residues at the domain
interface of LmHsp70 were also conserved (Figu& éhd Figure 3.9). However,
Hsc70 residue GRi° was replaced by ASJ¥ in LmHsp70. LmHsp70 residues®¥

395
L

and ** equivalent to ¥ and 3% in the Hsc70 linker region, where also conserved.

Figure 3.8 on page 72

Figure 3.8: Alignment of the primary amino acid segences of bovine Hsc70 (bHsc70), LmHsp70
and LcHsp70. The N-terminal ATPase domain (underlined with aebline) has the following
functional and structural elements: phosphate hipdiites; connect 1 and connect 2 and region of
adenosine coordination (Bosgk al., 1992). Residues boxed in red are involved initieraction with
ATP/ADP molecules (Flahertst al., 1994). The linker region (underlined with a beakine) joins the
ATPase and the substrate binding domain (underlinedd). Residues of the linker region shown in
bold and italics are important for Hsp70 chaperfunection (Jianget al., 2005). The C-terminal
polypeptide domain (underlined in green) forms kchElid (Zhu et al., 1996; Chotet al., 2003) that
terminates with the EEVD motif (boxed in black) atwed in the interaction of Hsp70 with Hop
(Scheufleret al., 2000). Residues of the substrate binding dorbaixed in blue interact with the
peptide substrate (Zhet al., 1996). Interaction between the substrate bindind helical lid occurs
through residues highlighted in magenta (2hal., 1996). Bold residues and bold underlined ressdu
form salt bridges and hydrophobic interaction a& stubdomain interface, respectively (Jiatal.,
2005). Identical®) and similar (. and:) residues are indicated. The black shading indidatestical
residues, the grey shading indicates similar residand the white shading highlights differences.

71



Chapter 3

LcHsp70
Lmhsp70
bHsc70
consensus

LcHsp70
Lmhsp70
bHsc70
consensus

LcHsp70
Lmhsp70
bHsc70
consensus

LcHsp70
Lmhsp70
bHsc70
consensus

LcHsp70
Lmhsp70
bHsc70
consensus

LcHsp70
Lmhsp70
bHsc70
consensus

LcHsp70
Lmhsp70
BHsc70
consensus

LcHsp70
Lmhsp70
bHsc70
consensus

LcHsp70
Lmhsp70
bHsc70
consensus

LcHsp70
Lmhsp70
bHsc70
consensus

LcHsp70
Lmhsp70
bHsc70
consensus

Figure 3.8.

Phosphate 1 binding site

1 ----------- o Il S NDQGNRTTPSYVAFTDTERLI GDAAKN{
1 MSAAKGVAI G DL SCVGVFQHGKVI ANDQGNRTTPSYVAFTDTERLI GDAAKN{
1 -- MSKGPAVA DL SCVGVFQHEKVI ANDQGNRTTPSYVAFTDTERL| GDAAKNG
l EE R R SRR RS SR SRR SRR R R RS EEREEEESE]
KyA\/ALNPONTVFDAKRL | GRKFDOSVVQSDIVKIEWP DYKPKVQVEYKGEHRKSFYPEH
[SH\/AL NPONTVFDAKRL | GRKFDOSVVQSDIVKIEWP DY KPKVQVEYKGEHRKSFYPEH
Il \VANVNPIINT VFDAKRL I GRRFDORVVQSDIVKIg\WP DAGRPKVQVEYKGHIKSFYPEH
61 **.** ************.*** *kkkkkk * % % * % * *.********** *kkkkkk
Connect 1 region
VAl SSMLTKVKE! AEAYLG NAV] TVP DSQRQATKDAGY! AGLNVLRI | NEPTA
A AR (SSMVL TKVKE! AEAYL G NAVIITVPAYFNDSQROATKDAG! AGLNVLRI | NEPTA
AREIV/SSMVL TKVKE! AEAYL G NAVWTVPAYFNDOSQRQATKDAQ)! AGLNVLRI | NEPTA
121 PR RS SRS ESESEE SRS EIE S EEEEEEEEESLEELEEEEEEEESS *********** * %
Phosphate 2 binding region
(7l AAl AYGLDKKIERGERNIIL | FDLGGGTFDVSVLTI PDG STAGDTHL GGEDFDNR
WEIM AN AYGLDKKEREERNILI FDLGGGT=DVSVLTI BDG STAGDTHL GGEDFDNR
AW AAL AYGLDKKIEAERNVL | FDLGGGT EDVSHLTI EDG STAGDTHL GGEDFDNR
181 *hkkkkkkkkk .***.*** *** *.***.*******k******************
PAVIINHF| PJEFKRKHKKDFSENKRAVRRL RTACERAKRTLSSSTQASI El DSLYEG DFYTSI
PZYBINHF| [JEFKRKHKKDFSENKRAVRRL RTACERAKRTL SSSTQASI El DSLYEG DFYTSI
PRIIINHF | NEFKRKHKKDISENKRAVRRL RTACERAKRTL SSSTQASI El DSLYEG DFYTSI
241 khkhkk Khhkhkhkhkhkhkhkkdk dhkdkhkhkhkhkhkhkdhkdkhkhkhkhdhhkdkhkhkhkhhkhkdhkhkhkhkhkhkdhkdkhkhkhhdkdhkhxk
Adenosine binding region
PAPARARFEEL NADL FRGTLEPVEKEL RDAKLDKSQI HEIVLVCESTRIPKIQKLLQDFF GRD
<IIWRARFEEL NADL FRGTLEPVEKEL RDAKL DKSQ HEI VLVGGSTRI PKI QKLLQDFFNGRE
PAIIRARFEEL NADL FRGTLBPVEKAL RDAKL DKSQ HBI VLVGGSTRI PKI QKLLQDFFNG
301 *khkhkhkhkhkkkkkkkkkkk * k k% *khkhkhkkkkkkkkk ***** *khkhkhkhkhkhkhkkkhkkkkkkx
Connect 2 region
332 LNKSINPBEAVAYGAAVCEAIL CDKSENVQDLLLLDVTPLSLAE AG
R{HA NKS|I NPD=AVAYGAAVQEAI LINVGDKSENVQDLLLLDVTPLSLA A R
ELITE NKSI NPDEAVAYGAAVQAAIT LEGDKSENVQDLLLLDVTPLSLAG A R
361 ******* RS SRS SRS EE NEESEEEEEESESEEEE SRR EEEEEEEEEEIEESEESE]
392 uRdLee (=inl r y QVYEGERAMTKDNNLLCGKFELS "PﬁSVPm
AT PTKQTCRATT QVYEGERAMTKDNNLLCGKFELS PSPRGVPQ
ENECRT| PTKQTQQUFATT VLI QVYEGERAMIKDNNL L GKFEL PAPRGVPQ
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Figure 3.9: Ribbon representation of the homology wdel of LmHsp70.The model was generated
using SWISSMODEL browser in First Approach Modétswissmodel.expasy.org/ [Peitsch, 1996])
with bovine Hsc70 (PDB code: 1YUW; Jiaegal., 2005) as template. The structure was visualized
using PyMol (DeLanat al., 2003). Potential salt bridges occur between Das@ K526, and K327
and D532 (black and red). Potential hydrophobierettions occur between 1218, 1517 and V521
(magenta). V390 and L395 in the linker region dreven in orange. The ATPase domain is shown in
blue, the linker region in red and the substratglinig domain in green.
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3.4 Discussion

The isolation of an intronless 1.926 kip70 fragment encoding for an Hsp70 protein
highly identical to the.. chalumnae partial full-length Hsp70 (LcHsp70) supports the
suggestion that the coelacanth genome does encodmdacible Hsp70-based
cytoprotection mechanism. The presence of conseregmns of a typical Hsp70
ATPase domain as also found in the LcHsp70 furstrengthens the suggestion that
the coelacanth Hsp70 expressed by these genesndsiofally regulated by an
ADP/ATP cycle (Borket al., 1992, Flahertyt al., 1994). As also found in LcHsp70,
Lmhsp70 had a conserved C-terminal EEVD which ssigg@ossible chaperone
cooperation with Hsp90 coordinated by Hop (Schewdleal., 2000). The successful
isolation of the full-length.mhsp70 coding regiomrmakes it possible to investigate if
the coelacanth Hsp70s can be over-produced indietgius expression system. It
will also be interesting to investigate if LmHspd@#&h functionally replace Hsp70s in a

heterologous system in which thgp70 genes have been deleted or mutated.

The isolation of the 1.227 kb upstream of the LmHspncoding region comprising
of predicted promoter and heat shock element fudhggests that the gene we have
obtained is most likely functional and more paracly inducible. While thd.mhsp70
regulatory region contained the predicted HSEs @nodnoters within a 1 kb region
upstream of the putative methionine start, the aedirhsp70 regulatory region was
reported to containing the same motifs with a 640rdgion upstream of the ATG
encoding the putative initiation methionine (Hadoet al., 2000). The sequences of
the HSEs in the zebrafidhsp70 promoter, the proximity to each other and to the
TATA-box or CCAAT-box were not reported.

Lmhsp70 proximal HSE1 was found at 411 bp upstream of titation methionine.
While the intermediate HSE2 and distal HSE3 werenéb at 486 and 972 bp
upstream of ATG encoding the initiation methionirrespectively (Figure 3.6).
Although the number of HSEs in thenhsp70 regulatory region corresponded to the
three of HSEs in the tilapidsp70 regulatory region (Molinaet al., 2000), their
position where found to differ. The three tilajpgp70 HSEs have been found at 872
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bp, 671 bp and 350 bp upstream of the ATG encoftinghe initiation methionine,
respectively (Molinat al., 2000).

When using theLmhsp70 transcription start on the putative promoter 1e th
transcription start would be 122 bp upstream of AEG codon encoding the
initiation methionine and the most proximaimhsp70 HSE would be at 289 bp
upstream of the transcription start. This was egeng since the tilapibsp70 most
proximal HSE was found 179 upstream of the traption start.

The position of the most proximal HSE in both thi@pia hsp70 and Lmhsp70
promoters differed significantly to the positiontbé most proximal HSEs in both the
mouse hsp68 (Adam et al., 2003) and theXenopus hsp70 (Adam et al., 2003)
promoters which occurred at 98 a 106 bp upstreatheofranscription start. Although
the number of HSEs correlated acrosslthasp70, tilapia hsp70, mousehsp68, and
Xenopus hsp70 promoters, all the HSEs, TATA-box and CAAT-box oged within
300 bp in the mouslesp68 promoter and 230 bp in téenopus hsp70 promoter. The
TATA-box in Lmhsp70 upstream regulatory region viasnd at 46 bp upstream of
the transcription start in promoter 1. Also foundhis region were two CAAT-boxes

at 603 and 946 bp upstream of the transcriptiarn stgpromoter 1.
Given the structure of this 5 -promoter/regulatoggion, it is plausible that it could

drive the expression of reporter gene under heasstconditions as a measure of

thermal response in a suitable experimental system.
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Chapter 4

Heterologous expression and functional analysis of Latimeria
menadoensis and Latimeria chalumnae Hsp70 proteins in Escherichia

coli

4.1 Introduction

The lack of experimental systems (e.g. cell/tissuléures) for some organisms dictates
the use of heterologous systems to produce profemsiochemically or biophysical
characterization. While there are several prok@&ya@nd eukaryotic heterologous
expression systems, bacterial systems, particutagyE. coli system, are widely used
(Baneyx,et al., 1999). ThekE. coli system is favourable for two main reasons: firstyy
genome and genetics have been well studied anchdigcat has high growth rates
(Baneyx, et al., 1999). Other reasons for the wide usagé=.o€oli system include the
wide variety of expression vector systems engirteéoe production of high levels of
target protein in a controlled manner (Nicetlal., 2006). Nicoll and co-workers have
reported general successful usage of the T5 pronbatsed protein expression vectors
such the QiagepQE30 vector for the production of target chaperone ginst. (Nicollet
al., 2006).

In most organisms there is a perceptible preferémceertain codons some of which may
be rarely used bi. coli. These so-called rare codons present a problemregards to
the heterologous overproduction of proteins inEheoli system where they diminish the
levels of full-length proteins due to translatiostdlling (Matambeet al., 2004). Codons
AGG, AGA encoding arginine, AUA encoding isoleuciard GGA encoding glycine,
have been shown to be particularly problematic wbearproducing a heterologous
protein in ark. coli host (Bacat al., 2000).
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Nicoll and co-workers (Nicollet al., 2006) reviewed three methods that have been

successfully used to overproduce molecular chagsrotk. coli hosts:

() The co-expression of arginyl (AGA/AGG), isolglic(AUA), and glycyl (GGA)
tRNAs from the RIG plasmid constructed by Baca emvorkers (Bacat al., 2000)
has been used to significantly increase the yiel@asmodium falciparum full-length
Hsp70 inE. coli (Matamboet al., 2004).

(i) Codon optimization provides a method of rexhesizing the coding region of the
target gene to introduce frequently used codonsghierhost organism (Nicoét al.,
2006). Codon optimisation has been used to re-eyigt@ aP. falciparum Hsp40
gene to obtain high-level expressior&rcoli (Nicoll et al., 2006).

(iif) Codon homonization is a further developmefitcodon optimisation wherein the
codons in the target coding sequence are converteatlons used by the host strain
with similar codon usage frequencies thereby pvésgrthe fluctuations in the
original target coding region (Hilliest al., 2005).

A few reports are published on the expression @lamanth proteins in heterologous
systems. The reported cases include the expressiowild type and mutantl.
menadoensis andL. chalumnae RH1 and RH2 visual pigments in Cos1 cells to sty
light sensitivity (Yokoyamat al., 1999; Yokoyama and Tada, 2000).

Although eukaryotic and prokaryotic Hsp70s haveyvamilar structures, they cooperate
with different cochaperones to carry out their times. The ATPase cycle of the
prokaryotic Hsp70, DnakK, requires interaction witbp40 and the nucleotide exchange
factor GrpE (Brehmeet al., 2001, Suppinit al., 2004). Although eukaryotic Hsp70s
interact with Hsp40s, they do not interact with Brfeukaryotic Hsp70s interact with
eukaryotic specific nucleotide exchange factorshsas Bag-1 (Brehmeat al., 2001).
Suppini and co-worker found that the Hsp70 prot#iimeras consisting of thi. coli
DnaK ATPase domain and the rat Hsc70 could notrsevehermosensitivity of a
thermosensitivee. coli DnaK mutant strain (Suppirg al., 2004). In contrast, Shonhai
and co-workers have demonstrated tRl@smodium falciparum Hsp70 can functionally

reverse thermosensitivity of & coli strain with a mutant DnaK. This provides some
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eukaryotic Hsp70 substrate binding domains do neisegprokaryotic protein substrates
(Shonhaiet al., 2005). The functional differences between prgé&c and eukaryotic
Hsp70s necessitate the investigation on the abdftyeukaryotic Hsp70 proteins to
functionally replace prokaryotic Hsp70s (Supphal., 2004).

The aim of the study presented in this chapter twasvestigate the suitability of tHe
coli protein expression system to overproduce coelacarmdperone proteins, especially
the Hsp70s from a suitable vector. The expressidhi® protein inE. coli is desirable in
accordance with the reasons mentioned above anth¢héhat there are no coelacanth
experimental systems that could be employed far plarpose. It was also the aim of the
study to determine the ability of the coelacantlp™s (particularly the. menadoensis
Hsp70) to reverse thermosensitivity of a thermosiees E. coli strain with a
dysfunctional DnaK.

78



Chapter 4

4.2  Experimental procedures

421 Plasmid constructs

The Lchsp70 coding region was polymerase chain reaction (P&@®R)lified frompGEM-

T _Lchsp70 construct using a forward primBam HI_Lchsp70F.GGA TCC ATC ATC
ACC AAT GAC (Bam HI site indicated in bold) and a reverse prirfst |_Lchsp70R:
CTG CAG ATT AGT CGA CTT CTT pst | site indicated in bold). The PCR reactions
and ligation reactions into pGEM-T were carried astdescribed in Appendix A3-A6
and further analyzed as in section 2.2.5. The irissgment from the appropriate plasmid
DNA was gel purified using the GFX gel purificatiokit (Amersham, Sweeden)
subsequento a restriction digestion witBam HI andPst | (as described in Appendix
AB). The gel purified fragment was ligated intop®E30 protein expression vector
(Qiagen, Germany) digested wilBam HI andPst | (as described in Appendix A6). The
resultant construct was namgQE30_ Lchsp70.

Similarly the full-length Lmhsp70 was PCR amplified frompGEM-T_FLLmhsp70
construct using primerBam HI_Bac25 70F.GGA TCC ATG TCT GCT GCA GCC
(Bam HI site indicated in Bold) an&pn |_BAC25 70R:GGT ACC TTA ATC GAC
CTC TTC AAT G Kpn I site indicated in bold) and the PCR product \wgated into
PGEM-T as outline above. DNA sequencing revealedraor in theKpn | restriction site
engineered at the 5"-end of tipn |_BAC25_70R primer. Since &l | site was found in
the multiple cloning site of pGEM-T easy vectdrt@ theLmhsp70 coding region, the
insert fragment was released Bgm HI and Sal | restriction digest and gel purified as
outlined above. The gel purified fragment wastkglainto apQE30 protein expression
vector digested withBam HI and Sal | and the resultant construct was named
pPQE30_Lmhsp70.

The RIG plasmid was kindly provided by Professor®V.J. Hol (Biomolecular Structure
Center, University of Washington, USA). Tp&E60 and pBB46 Amp" and encoding
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the E. coli DnaK) plasmids were kindly provided by Dr. W. Bhdider (Stanford
University, USA).

4.2.2 Codon usage tables

Latimeria menadoensis, Homo sapiens, Saccharomyces cerevisiae and Escherichia coli

codon usage tables were accessed at www.kazug&odpn on 14 August 2005

4.2.3 Protein expression study

pPQE30_Lchsp70 and pQE30_Lmhsp70 where transformed int&. coli XLI Blue and
plated onto 2x YT agar plates supplemented with g@0nl ampicillin, followed by
overnight incubation at 37°C. Single colonies wa@culated into 25 ml 2x YT broth
supplemented with 10Qg/ml ampicillin, followed by an overnight incubaticat 37°C
with shaking. The overnight 25 ml cultures wereculated into 225 ml 2x YT broth
supplemented with 10Qg/ml ampicillin and incubated at 30°C with shakungfil mid
log phase (Okyo 0.4-0.6 units).

Similarly, co-transformation of theQE30_Lchsp70 or pQE30_Lmhsp70 constructs with
the RIG plasmid was carried out. The transformamse grown on 2x YT agar plates or
in 2x YT broth cultures supplemented with 1@@/ml ampicillin and 34pug/ml

chloroamphenicol

At mid-log phase samples (2 x 1ml) were collectenf each culture. One sample was
used to determine thegéy reading and the second sample was centrifuge@0fX0lx g to
pellet the cells which were resuspended in phospbatfered saline (PBS: 137 mM
NacCl; 27 mM KCI; 4.3 mM NgHPOy; 1.4 mM KHPOy ). The resuspension of the pellets
in the standard manner (A600/0.5 x @D ensured that an equal number of cells was

analyzed for each sample.
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Following the collection of pre-induction samplesotein production was induced by the
addition of 1 mM isopropyl-1-thi¢-D-galactopyranoside (IPTG). Samples were
collected every hour over 6 hours after which oigfthsamples were collected as per the
method outlined above. The samples were analyzesd&-PAGE and Western analysis
descried in Appendix A10 and Al11l.

4.24 LmHsp70 functional analysisby in vivo complementation assays

E. coli BB2362 strain was used to determine the abilityLofHsp70 to functionally
replaceE. coli DnaK under heat shock conditiors.coli BB2362 is sensitive to growth
temperatures above 40°C. The temperature sengitifiE. coli BB2362 is due to three
glycine-to-aspartate mutations in DnaK (Buchberggr al., 1999). The G32D
mutationdisturbs optimal effects of GrpE bindingilelthe G455D and G468D mutations
are in the substrate binding domain (Buchbemgeal., 1999). In a complementation
assay, the ability of an Hsp70 to functionally ey the mutated endogenous DnaK is
investigated. The plasmidsQE30 (Qiagen Germany) andQE60 (Qiagen Germany)
were used as negative controls whikB46 plasmid (Burkholdeket al., 1996) was used

as a positive control. The untransforntedoli BB2362 was used as a strain control.

The plasmidBB46, pQE30, pQE60 andpQE30_Lmhsp70 were transformed inth. coli
BB2362 (InaK756 recA:: Tc® pDM1; kindly provided by Prof. B. Bukau [University of
Heidelberg, Germany]) and plated onto 2x YT agatgd supplemented with $@/ml
kanamycin, 10Qug/ml ampicillin and 15.ug/ml tetracycline. The untransformé&d coli
BB2362 was also streaked onto 2x YT agar plategplsogented with 50ug/ml
kanamycin and 1pg/ml tetracycline. Colonies were inoculated intoriD2x YT broth
supplemented with appropriate antibiotics and iate® overnight at 3T with shaking.
The overnight cultures were used to inoculate 902mIYT broth supplemented with
appropriate antibiotics. These cultures were sraddk”C with shaking until Olgyo of 2
was reach. At OBy, of 2 units, the cultures were diluted to §§of 0.2 and further serial
dilutions from 18 to 10° were prepared. A sample of each dilutioru{was plated on

duplicate 2x YT agar plates supplemented with gmpate antibiotics and 50M IPTG.
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The plates were incubated at a normal growth teatpey of 37C while a duplicate set
of plates at a heat shock temperature o0fC42To investigate the effect of inducing
LmHsp70 prior to heat shock 0.5 mM IPTG was addedhe cultures at an QB
reading of 1.0 and further treated as describegi@bo

4.3 Reaults

4.3.1 Codon usage analysis

Baca and co-workers revealed that parasite gemeesidntly used the codons AGA/G
(Arg), AUA (lle), and GGA (Gly) which are rarely ed inE. coli (Bacaet al., 2000).
The usage of said codons results in translatiotalirgy when the parasite genes are
expressed irE. coli (Bacaet al., 2000). The RIG” plasmid containing the genes that
encode three tRNAs (Arg, lle, Gly) was constructedvercome this potential codon-
bias problem. The tRNAs recognize rare codons faanngarasite genes when tReG
plasmid is co-transformed int coli along with expression plasmids containing
parasite genes (Baehal., 2000).

Comparison of codon usages from thamenadoensis, H. sapiens, S. cerevisiae andE.

coli revealed that the coelacanth generally followedethlearyotic codon usage (Figure
4.1). As seen in Figure 4.1, the menadoensis used the AU (U/C) codons encoding lle
less frequently as comparedBocoli and had a high preference for AUA to code for the
same amino acid.. menadoensis further displayed a much higher usage of AG (A/G)
and GGA encoding for Arg and Gly, respectively.tiéatarly interesting was the finding
that thelL. menadoensis codon usage displayed a high frequency usageedh@(G codon
for Arg that was almost not usedHncoli (Figure 4.1). In general. menadoensis codon
usage was overly closer to the two other eukaryotése comparison (Figure 4.1). The
same usage was found in the coding region of thedz0. These findings were to be

considered when overproducing coelacanth Hsp B @ali.
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Figure 4.1: Comparison of codon usages from L. menadoensis (Lm), Human (Hs), Saccharomyces
cerevisiae (Sc) and E. coli (Ec). Amino acids are indicated as solitary capitaielest; the codon encoding
the amino acids are indicated as the triplet chfgtters; the * indicates stop codons. The coeldta
showed a relatively lower usage of AU (U/C) codemeoding lle, but a relatively higher usage of AG
(A/G) and GGA encoding for Arg and Gly, respectivdl. menadoensis, Homo sapiens, Saccharomyces
cerevisiae andE. coli codon usage tables were accessed at www.kazjis@adon on 14 August 2005.

Although the coelacanth codon used was found gbyeienilar to that of eukaryoutes,
the bacterial protein expression system, partibuldne E. coli system was investigated
for the overproduction of coelacanth HspB).coli was favourable because its genome
and genetics have been well studied and it hasdnghth rates (Baneyxt al., 1999). In
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addition there is wide variety of expression vedgstems engineered for production of

high levels of target protein in a controlled mamnineE. coli (Nicoll et al., 2006).

4.3.2 Heterologous overproduction of the LmHsp70 and LcHsp70

The pQE30 vector is a TS5 promoter-based bacterial expresgemtor which allows for
the insertion of a target coding region in framéhwipstream codons for six histidines
(Appendix Figure B2.2). The protein produced o# pQE30 vector is therefore histidine
tagged and allows for Western analysis using anhastidine primary antibody and an
appropriate secondary antibody. To facilitate tle@erproduction irk. coli, Lchsp70 and
Lmhsp70 coding region were ligated into th@QE30 protein expression vectors as
described in sections 4.2.1 (Figure 4.2). Subsdquenthe transformation of the
pPQE30_Lchsp70 and pQE30_Lmhsp70 into E. coli XLI-blue with or without the RIG
plasmid, a protein induction study was carried asitdescribed in section 4.2.3 (Figure
4.3 and Figure 4.4).

When both the LcHsp70 and LmHsp70 were producel. icoli XLI-Blue without the
RIG plasmid, no detectable overproduction of proteias observed on SDS-PAGE
analysis (upper panel Figure 4.3[A], lane 5-10 apger panel Figure 4.4[A], lanes 5-8).
However, chemiluminescence-based Western analggealed that full-length LcHsp70
and some lower molecular mass species were prodlaxedr panel Figure 4.3[A], lanes
5-10). A similar observation was made for LmHsplo@vér panel Figure 4.4[A], lanes 5-
8).

In the presence of the RIG plasmid, full-length kg0 and LmHsp70 were
overproduced irk. coli XLI-blue as detected by SDS-PAGE (upper panel regu3[B],
lane 5-10 and upper panel Figure 4.4[B], lanes.3=8emiluminescence-based Western
analysis confirmed the overproduction of full-lemdtcHsp70 with the occurrence of
some lower molecular mass species (lower panelr&iguB[B], lanes 5-10). A similar
observation was made for LmHsp70 (lower panel lEgud[B], lanes 5-8). Production of
LmHsp70 in theE. coli IM109 strain did not yield a different result.
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Figure 4.2: pQE30_Lchsp70 and pQE30_Lmhsp70 constructs for the overproduction of LcHsp70 and

LmHsp70in E. coli XLI-Blue. (A) A 0.8% agarose gel showing tBam HI andPst | restriction digest of
the pQE30_Lchsp70 construct releasing th#QE30 vector and thé.chsp70 coding region. (B) The plasmid
map of thepQE30_Lchsp70 construct highlighting th8am HI andPst | sites and the coding region for the
6xHis-tag. (C) A 0.8% agarose gel showing Baen HI and Sl | restriction digest of thpQE30_Lmhsp70
construct releasing thpQE30 vector and the_.mhsp70 coding region. (D) The plasmid map of the
pQE30_Lmhsp70 construct highlighting thBam HI andSal | sites and the coding region for the 6xHis-tag.
In (B) and (D), the grey arrows indicate the anipiciresistance (Amp gene and_chsp70/Lmhsp70
coding region. Marker % Pst |
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Figure 4.3: Induction study of L. chalumnae Hsp70 (LcHsp70) from an pQE30_Lchsp70 construct in

E. coli XLI-Bluewith (+RIG) and without (-RIG) the RIG plasmid. (A) Upper panel: 12% SDS-PAGE
analysis ofE. coli [-RIG andpQE30_Lchsp70] total cell lysates; Lower panel Western analydighe total
lysates resolved in top panel with an anti-Hislzodly. (B) Upper panel panel: 12% SDS-PAGE analykis
E. coli [+RIG andpQE30_Lchsp70] total cell lysates. Lower panel: Western analysighe total lysates
resolved in top panel with an anti-His antibody.rhslecular weight marker; 2= positive control (t@ank
the 70kDa protein); 3= negative control (extracnfrE. coli [-RIG or +RIG] 4= pre induction; 5-9= 1
hourly sample post induction; 10 = overnight sammbst induction. The study was carried out at 1mM
IPTG in2xYT broth at 30C. The arrows indicate the 70 kDa His-tagged LcHsp7
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Figure 4.4: Induction study of L. menadoensis Hsp70 (LmHsp70) from an pQE30_L mhsp70 construct

in E. coli XLI-Blue with (+RI1G) and without (-RIG) the RIG plasmid. (A) Upper panel: 12% SDS-
PAGE analysis oE. coli [-RIG andpQE30_Lmhsp70] total cell lysates; Lower panel Western analydis
the total lysates resolved in top panel with ari-dig antibody. (B) Upper panel: 12% SDS-PAGE asaly
of E. coli [+RIG andpQE30_Lmhsp70] total cell lysates. Lower panel: Western analydithe total lysates
resolved in top panel with an anti-His antibody. rhslecular weight marker; 2= positive control (t@nk
the 70kDa protein); 3= negative control (extracnfrE. coli [-RIG or +RIG] 4= pre induction; 5= two
hours post induction; 6= four hours post inductidn;six hours post induction; 8 = overnight sanmst
induction. The study was carried out at 1ImM IPT@xYT broth at 36C. The arrows indicate the 70 kDa
His-tagged LcHspO.
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4.3.3 Functional analysisL mHsp70 by complementation assay in E. coli BB2362

E. coli BB2362 strain is sensitive to growth temperatwbsve 40°C. The temperature
sensitivity of E. coli BB2362 is due to three glycine-to-aspartate momatiin DnaK
(Buchbergeret al., 1999). Complementation assays measures theyattila test protein
to functionally replace the dysfunctional proteiereby restoring the normal phenotype.
The ability of LmHsp70 to reverse thermal sendiivif E. coli BB2362 was used a test

for LmHsp70 chaperone activity.

As can be seen in the ¥7 panel of Figure 4.5A the untransfornieccoli BB236, the E.
coli BB2362 transformed withpBB46, pQE30, pQEGO and pQE30_ Lmhsp70 all grew at
37°C. In the 42C panel of Figure 4.5A, the untransformgd coli BB236, E. coli
transformed with pQE30, pQE60 and pQE30 (negative controls) displayed
thermosensitivity. HoweverE. coli BB2362 transformed withpBB46 could reverse
thermosensitivity of the strain while. coli BB2362 transformed with pQE30_Lmhsp70

plasmid displayed thermosensitivity.

The investigation of the effect of pre-inducing M8p prior to heat shock is shown in
Figure 4.5B. The pre-induction of broth culturesthwi0.5mM IPTG displayed no
significant difference to data displayed in Figdr&B while pre-induction with IPTG
concentrations above 0.5mM resulted in DnaK toxitittheE. coli BB2362 transformed
with pBB46.

To confirm that failure of LmHsp70 to reverse thafrsensitivityE. coli BB2362 was not
due to lack of protein production, an LmHsp70 irtehre study was carried out in
BB2362. As seen in the upper panel of Figure 4a6e$ 5-7 no overproduction of
LmHsp70 was detectable by SDS-PAGE analysis. Howawehemiluminescence-based
Western analysis revealed that full-length LmHswi&8 produced (lower panel of Figure
4.6, lanes 5-7). Some low molecular mass species aleserved after 6 hour of induction

(lower panel of Figure 4.6, lanes 6 and 7).
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SDS-PAGE analysis of the pellet and soluble fragtiof E. coli BB2362 transformed
with pQE30_Lmhsp70 showed some protein in both fractions (upper pahé&ligure 4.6,
lanes 8 and 9). Chemiluminescence-based Westeatysa revealed that full-length

LmHsp70 was mostly in the soluble fraction (lowanpl of Figure 4.6, lanes 8 and 9).

(A) 10° 10" 107 10° 10” 10° 10° 10" 10" 10° 10™ 10°

pBB46
pQEG60
pQE30

pQE30_Lmhsp70

37°C 42°C
(B)
10° 10" 10° 10° 10" 10° 10" 10" 10° 10° 10* 10°

pBB46 | &

pQE6GO | &
pQE30

pQE30 Lmhsp70 |

37°C 42°C

Figure 4.5: LmHsp70 failed to suppress thermal sensitivity of E. coli BB2362 strain. PlasmidspBB46
(positive control) pQE30 andpQEGO (negative controls)pQE30_Lmhsp70 were transformed int&. coli
BB2362, and their ability to complement for lack of aljulunctional DnaK was investigated at°42 (A)

No IPTG was added to the broth culture prior tdiptaon 2x YT agar supplemented with p® IPTG
and appropriate antibiotics. (B) IPTG (0.5 mM) veatded to the broth culture prior to plating on 2k Y
agar supplemented with 50 IPTG and appropriate antibiotics. The names aéplid used to transform
E. coli BB2362 are indicated on the left side of the panels. ifkhabation temperatures are indicated below
each panel. The plated culture dilution are indidabove each panel.
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Figure 4.6: Successful production of LmHsp70 in E. coli BB2362 without the RIG plasmid. Upper
panel: 12% SDS-PAGE analysis Bf coli BB2362 pQE30 Lmhsp70] total cell lysates. Lower panel
Western analysis of the total lysates resolvednganel with an anti-His antibody. 1= moleculaiige
marker; 2= positive control (to mark the 70kDa pin}; 3= negative control (total extract fro coli
BB2362); 4= pre induction; 5-7: 2 hourly sampletgasgiuction. A solubility analysis is depicted &nles 8
and 9. 8= soluble fraction and lane 9= pellet fractThe arrows indicate the 70 kDa His-tagged LzHs
The study was carried out at ImM IPTQx YT broth at 30C.
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45 Discussion

We hypothesized that the low level production othbthe LcHsp70 and LmHsp70
proteins was due to the high level usage of the ARBG and AGA coelacanth codons
which are rarely used i&. coli. The usage of the RIG plamids, previously shown to
relieve the translational stalling caused by these codons, resulted in a significant
increase in the production of the partial full-lémd.cHsp70 and full-length LmHsp70.
Our finding corresponded to the findings that théGRplasmid improved the
overproduction ofP. falciparum full-length Hsp70 from apQE30 based protein
expression vectorpQE30_PfHsp70, in E. coli (Matambo et al, 2004). Although
Matambo and co-workers reported that the usageh®fRIG plasmid decrease the
production of the low molecular weight species,hage found a corresponding increase
in the production of full-length protein and low laoular weight species. Our finding
may suggest the use of alternative expression rgetbofacilitate protein purification or

the use of a eukaryotic expression system.

The L. menadoensis Hsp70 was unable to reverse thermosensitivity bé t
thermosensitiveE. coli strain, BB2362. The expectation that the LmHsp76ulad
functionally replacée. coli DnaK assumed that the LmHsp70 had an ATPase tyctind

that its substrate binding domain could recogiiseli substrate proteins.

Suppini and co-worker found that the Hsp70 prot#iimeras consisting of thi. coli
DnaK ATPase domain and the eukaryotic Hsp70 sulshiading domain, particularly
the rat Hsc70, could not reverse thermosensitigityan E. coli DnaK mutant strain
(Suppini et al., 2004). However, Hsp70 chimeric proteins consgstdf the rat Hsc70
ATPase domain and the DnaK substrate binding domainld successfully reverse
thermosensitivity of arE. coli DnaK mutant strain (Suppir al., 2004). Since the rat
Hsc70 ATPase lacks the site for GrpE interactitis finding strongly suggested the
DnaK substrate binding domain to be the essentiahé protection oE. coli at high
temperatures (Suppiet al., 2004). These data also suggested that the eatlakysp70
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substrate domain could not recognise prokaryotmteim substrates (Suppirgt al.,
2004).

Conversely, full-lengttP. falciparum Hsp70 and a chimeric protein consisting of Ehe
coli DnaK ATPase domain and tlfe falciparum Hsp70 substrate binding domain were
found to display an ability to reverse thermosewvigytto an E. coli DnaK mutant strain
(Shonhaiet al., 2005). This finding led to the speculation teatne eukaryotic Hsp70s
substrate binding domains have broad range pretéstrate specificity.

The discovery that the LmHsp70 cannot reverse takesansitivity of E. coli DnaK
mutant strain raises question about the LmHsp70attonesponsible for this observation.
These findings thus necessitate an in-depth stlittyedfunctional and specificity aspects
of LmHsp70.
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Chapter 5

Discussion, conclusion and futurework

5.1 Discussion
5.1.1 TheintronlessLchsp70 and Lmhsp70 genes: theimplications

The coding regions of most eukaryotic inducibp70s such as human (Bond, 1988),
Drosophila (Yost and Lindquist, 1986), yeast (Yost and Lindgul991), and fish (Lim
and Brenner, 1999; Molina et al., 2000) have beemd to be intronless as opposed to
the constitutive intron-containingsp70 genes. RNA splicing has been shown to be
inhibited during heat stress and Hsp70, has alea bmund to cooperate with Hsp104 to
reactivate RNA splicing in cell extracts that hagkeb heat-inactivateioh vitro (Vogel et
al., 1998, Yost and Lindquist, 199Based on these findings, the intronless charatiteris
of induciblehsp70 genes was proposed to be connected to their estpneand function
during stress. A few exceptions wherein inducitde70 genes in other organisms such
as Blastocladiella emersonii contain introns have been shown. However, the isglic
machinery in these fungi is highly thermoresisté®&tefani and Gomes, 1995). This
finding therefore suggests that the intronlessattar of inducibléhsp70 genes is not a
general rule (€nila et al., 2003). The absence of introns in thesp70 and Lmhsp70
(Figures 2.4, 2.5 and 3.3) coding regions therestrengly suggest the existence of an
inducible Hsp70-based cytoprotection mechanism he toelacanth which likely
resembles the eukaryotes one. However, the rastriof intronlesshsp70 genes to heat
stress induction can not be assumed since someilnelinsp70s such as the stress-
inducible zebrafislnsp70 gene have been shown to exhibit a strong but bxpfession
during a normal embryonic lens formation under n@ss conditions (Blechinget al.,
2002). The structural and functional analysis oé tlegulatory region upstream of
Lchsp70 and Lmhsp70 genes therefore becomes important in a strateggstablish the

suitability of these genes for heat shock induction
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Our bioinformatic analysis predict that the 1.2 Wpstream regulatory region of the
Lmhsp70 coding region contain three putative HSEs, sixappw¢ promoters and two
CAAT-boxes (Figure 3.6). Thismhsp70 regulatory region displays some similarities to
Xenopus (Bien and Pelham, 1986), zebrafish (Hallominal., 2000), mouse (Fiszer-
Kierzkowskaet al., 2003) and tilapia (Molinat al., 2000), at least with regards to the

number and structure of HSE (Figure 5.1).

-325 -238 -205 -101 -24
Mouse hsp70 [ ] @) [ ]

promoter
-2 -173 -136 -1 - -23 0
Xenopus hsp70 |jr 6 |J-f 6
promoter | | I:l |_>
Tilapia hsp70 -1 -500 -272 -179 = 0
promoter l—l r LO |_| Ij_ﬁl |‘>
7/

946 -894 _603 -364 -289 -46 0

e O, O 11 [ 1 [

Figure 5.1: Comparison of inducible hsp70 promoters. Comparison of the mouse (Fiszer-Kierzkowska
et al., 2003), Xenopus (Bien and Pelham, 1986), tilapia (Molieaal., 2000) and_.. menadoensis hsp70
(predicted in this thesis) heat inducible promaté&igure is not to scale. The filled squares regmeshe
HSEs, the clear square represents the TATA boxathew represents the transcriptional start she, t
circles represent the CCAAT-box, and the numbedicates the position of the indicated elements
upstream of the transcription start site.

The Lmhsp70 regulatory region closely resembled the tildma70 promoter. The HSEs

in this promoter were dispersed within 800 bp wgsstr of the transcription start. In
contrast, the mouse angknopus hsp70 HSEs, TATA boxes and CCAAT boxes are all
within at most 325 bp upstream of the transcripstert. Despite the differences in the

promoters, the mous&enopus and tilapiahsp70 promoters have been shown to drive the
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expression of reporter genes under heat shock temdAdamet al., 2000; Molinaet
al., 2000).

The Lmhsp70 upstream regulatory region contained two CAAT 8-6d -946) elements
as opposed to the CCAAT element. The position es¢helements are greatly distal to
the TATA box as compared to their relative positianthe mouse, tilapia, and more
particularly, theXenopus hsp70 promoters. Although the CCAAT and TATA elements
have been shown to be important fgp70 basal expression only the TATA element
have been found to be crucial for indudexgh70 expression (Williams and Morimoto,
1990). Despite these differences, tmhsp70 upstream regulatory region does strongly
resemble the heat inducible eukaryolisp70 promoters in terms of the essential
elements..

5.1.2 ThelLcHsp70 and LmHsp70 protein structure and function

LcHsp70 and LmHsp70 were found to have a high lefekequnce identity to the
human, bovineFugu and zebrafish Hsp70s. The predicted homology madethe
LcHsp70 and LmHsp70 determined using the bovine7Bigrystal structure as template
revealed a high level similarity in conformation 8D-structure including the ATPase
domain, substrate binding domain and the linkeforegThe ATPase domains of both
coelacanth species show a high level conservaticegions and residues involved in
ATP/ADP binding and hydrolysis equivalent to bovidec70 (Figure 2.5 and 3.8). The
coelacanth Hsp70s also displayed residues descaauportant for binding Hsp40, an
Hsp70 cochaperone (Figure 2.5 and 3.8). Also ceosdewere residues equivalent to
V388 and L393 bovine Hsc70 in the linker regiont thave been demonstrated to play a
role in interdomain communication (Figure 2.7 angufe 3.9). It was also interesting
that the residues equivalent to residues involwneaydrophobic bonds and salt bridges in
bovine Hsc70 domain interface were also conseriegli(e 2.7 and Figure 3.9). Bovine
Hsc70 residues shown to play a role in substratdiihg were also conserved in both
LcHsp70 and LmHsc70 (Figure 2.6 and 3.8).
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Despite this high level identity to the mentionedspr0s, LmHsp70 could not
functionally replace DnaK since it failed to revethiermosensitivity oE. coli BB2362
strain. Assuming that LmHsp70 does have an ATPetsaty in E. coli, the ability of the
substrate binding domain to recognige coli substrates becomes an important
determinant of LmHsp70 chaperone function. The l@spteraction with substrates has
been shown to depend on specific determinantsif-fandwich of the substrate binding
domain (Rudigeset al., 1997; Rudigeket al., 2000, Suppinet al., 2004) The ability of
Hsp70 to productively interact with their regulat@o-chaperones, Hsp40s could also be
important since Hsp40 is thought to deliver substpaoteins to Hsp70 (Hennesayal.,
2005). The possible interpretation of our data @ddbkrefore be that the LmHsp70 does
not have the capacity to interact physically wihcoli substrates oE. coli Hsp40
protein, DnaJ. It is also possible that LmHsp70uness specific nucleotide exchange
factors to enable it to carry out its chaperonefiom.

5.1.3 Heterologous production of LcHsp70 and LmHsp70 proteins

The finding that the overproduction of both fulhtgh LcHsp70 and LmHsp70 was
vastly improved inE. coli XLI-blue having the RIG plasmid, was consistenthwthe
predictions that were made in the codon usage sisalifigure 4.1). Although the RIG
tRNAs improved the vyield of full-length LcHsp70 andmHsp70, there was a
corresponding increase in the production of lowetetular weight specie&. coli is
more biased towards a G-C rich genome having diffecodon usage, therefore resulting
in degradation or aborted translation products §8aa@l., 2000). This was particularly
interesting since Matambo and co-workers (Matamthal., 2004) had found a decrease
in truncation derivatives and an increase in thedpction of full-length protein.
Alternative overproduction methods are discussexkation 5.3.2.
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52 Conclusion

The unique habitat of the coelacanth does not sedmave caused significant changes in
the hsp70 coding region and gene product. Here, we haveepted data that strongly
supports that the genome of both extant speci¢seotoelacanth does encode Hsp70s,
the structure which are archetypal of known Hspid@gins. We have also shown that the
Lmhsp70 upstream regulatory region contained all putagilements (HSEs, CAAT-box,
TATA-box) that are an essential for heat induciple@moter. The varied predicted
structure of this regulatory region may have anaotghe mechanism of transcriptional
regulation in a manner perhaps indicative of thelamanth habitat. We have therefore
provided first evidence of the Hsp70-based cyt@middn mechanism in the extant
coelacanth. The data presented in this thesis, phogdes a foundation to formulate
testable prediction on the regulation and functbhsp70 genes and gene products in the

extant coelacanth.

53 Future work

5.3.1 Lmhsp70 promoter studies

Molina et al. (2000) studied the expression of theZ gene driven by the tilapiasp70
promoterfacZ reporter construct in carp cells. The authors megothat heat shock
conditions resulted in 16-fold increase in fhgal activity in cell transfected with the
reporter construct. The control cells (non-trans@aells) were not affected. This work
thus showed that fishsp70 promoters could be used to regulate the expressicm
reporter gene in mammalian cell lines in a heatdifdle manner. Using the same cell
line, Molinaet al. (2001, 2002), showed that the same tildgp70 promoter was able to
drive the expression @reen fluorescence protein (GFP)-luciferase reporter genes. The
same approach could be used to determine the ridhatibility of theLmhsp70 promoter
in mammalian cell lines. Deletion mutants contagnthe Lmhsp70 upstream regulatory
region up to the -289 bp HSE, -369 bp HSE or -8®EHrespectively, could be

employed to determine the minimal regulatory regiequired for the heat inducibility of
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the Lmhsp70 promoter. Point mutations in each functional HSHildobe used to
determine the minimalLmhsp70 HSE sequence required to drive the expression of a
reporter gene in a temperature dependent mannerpdiht mutations could also be used
to asses the significance of the CAAT-box and TAG@¥ on the basal and inducible

activity of theLmhsp70 promoter in reporter constructs.

5.3.2 Heterologous production of LcHsp70 and LmHsp70 proteins

In accordance with the codon usage analysis predent Figure 4.1, the coelacanth
codon usage is generally similar to the eukaryaitidon usage. In view of this
consideration, perhaps a eukaryotic system, sugleast or mammalian systems may be
better suited to investigate the functioning angutation of the coelacanth Hsp70. The
COS1 cells have been succefully used to overprotuckalumnae andL. menadoensis
RH1 and RH2 pigments using the pMT expression vgdtokoyama and Tada, 2000).
The use of such systems could reduce the degradatiaborted translation products due
to differences in codon preference. Vectors comgitheDrosophila MT promoter have
been described for high-level, inducible expressadnthe heterologous proteins in
Drosophila S2 (or D.Mel-2) cells. The promoters in this vectoe inducible by addition

of copper sulfate or cadmium chloride to the c@toredium (Invitrogene, USA).

5.3.3 LmHsgp70 functional analysis

The chaperone activity of Hsp70s may require ictévas with co-chaperones, such as
Hsp40 and nucleotide exchange factors (Liebeted.£1991; Shomurat al., 2005). In
this regard the question is whether the coelachisihi/O can productively interact with
prokaryotic co-chaperones to form functional chapercochaperone partnerships. The
inability of the LmHsp70 to reverse thermosendiyivof a temperature sensitie coli
BB2362 strain may necessitate furthervitro andin vivo analyses. To facilitate such
analyses DnaK-LcHsp70/LmHsp70 recombinant consrumtcoding the following

chimeric proteins could be constructed:
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0] Hsp70 chimera containing DnaK ATPase domain andspdi@/Lmhsp70
substrate binding domain

(i) Hsp70 chimeras containing LcHsp70/Lmhsp70 ATPaseailo and DnaK
substrate binding domain

(i) Wild type DnaK

(iv)  Wild type LcHsp70/LmHsp70.

5.3.3.1LmHsp70in vitro functional analysis

The Hsp70 chaperone activity is directly associatéth its nucleotide-bound state, its
basal ATPase activity, and the stimulation of it¥Pase activity by co-chaperones
(Freemanet al., 1995). It also depends on the communicationhef ATPase domain
conformational changes induced by ATP/ADP cyclinghe substrate binding domain
(Jianget al., 2005). The basal ATPase activity of LcHsp70 amtHsp70 and how it is
impacted by eukaryotic Hsp70 co-chaperones needse tmvestigated. Future studies
could include investigation on the stimulation o€Hsp70 and LmHsp70 ATPase
activities by Hsp40s. Three fish genes belongintheoHsp40 family have recently been
isolated fromParalichthys olivaceus (Dong et al., 2006). The effect of such Hsp40s
together with eukaryotic nucleotide exchange factsuch as Bag-1 could also be
investigated to establish their effect on the ccatths Hsp70 ATP/ADP cycle. The ATP
hydrolysis assay described by Freeman and co-workezasures the rate of ATP
hydrolysis by measuring the release®a®Pi fromo->*P-ATP (Freemast al., 1995).

The chaperone activity of LcHsp70 or LmHsp70 calkb be assayed by their ability to
aid the refolding of denatured protein substrateseman and co-workers have described
a refolding assay wherein [&galactosidase is unfolded in a buffer containinghh
concentrations of-mercaptoethanol and 6M guanidine-HCI. The refajdfi the protein
was assayed in the presence of Hsp70 and ATP.r&iffeHsp70 co-chaperones were

also added to assay their effect on protein foldifrgemaret al., 1996).
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5.3.3.2LmHsp70in vivo functional analysis

The ability of the wild type and chimeric proteifdescribed in section 5.3.3) to reverse
thermosensitivity of temperature sensitiZecoli strains in complementation assays as
described in section 4.2.4 could be used to deterntihe LcHsp70 and LmHsp70
chaperone activityin vivo. Complementation assays in yeast strains such as
Saccharomyces cerevisiae could be more challenging since these strainsagomultiple
Hsp70s (Table 1.1)S. cerevisae genome encodes at least 14 different Hsp70 psotein
grouped into five subclasses (Nelseh al., 2004). Of these classes the cytosolic
subfamilies, SSA and SSB, share 60% amino acilentity but cannot functionally
substitute for one another (Nelsetnal., 2004).Ssal and -2 are constitutively expressed,
while Ssa3 and -4 are heat-inducible (Nelsbml., 2004).S cerevisiae strain wherein
hsp70 genes with a close resemblance to ltishsp70 and Lmhsp70 genes (preferably
inducible hsp70s) are knockout could be a valuable tools to catycomplementation

assays.
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APPENDIX A

STANDARD PROTOCOLS

Al. Isolation of high molecular weight DNA from manmmalian cell using
proteinase K and formamide

Approximately 1 g of tissue was dropped into a @wowvith liquid nitrogen and
ground to fine powder using the pestle. The liquidogen was allowed to evaporate
and the ground powder was transferred and submeanted 50 ml falcon tube with ~
10 volumes (w/v) lysis buffer (10 mM Tris-Cl, pH08.0.1 M EDTA, pH8; 0.5%
SDS; 2(ug/ml DNase free RNase) and incubated &C3for 1 hour. A 5Qul aliquot

of proteinase K (20 mg/ml) was added and mixed vatlsterile glass rod and
incubated at 5T for 3 hours. The lysate was subsequently coaetBiC followed
by the addition of 1.25 ml of formamide denaturimgffer (20 mM Tris-Cl; 0.8 M
NaCl; 80% Formamide) for every 1 ml of lysate anidked gently with a glass rod.
The lysate was incubated at°C5for 12 hours. The viscous solution was decanted
into a dialysis bag (10 kDa molecular weight cuf) @ind dialyzed against 2 liters
buffer 1 (20 mM Tris-Cl pH 8.0; 0.1 M NaCl; 10 mMDEA pH 8.0) for 1 hour at
4°C. The buffer was replaced with fresh buffer 1 dradyzes for four hours followed
by a further 4 hours in the third 2 liters of buffe. Buffer 1 was subsequently
replaced by two liters of buffer 2 (10 mM Tris-CHB.0; 10 mM NaCl; 0.5 mM
EDTA pH 8.0) which was changed three times withydia allowed for at least 1
hours for each buffer change. DNA was resolved lectophoresis on a 0.6%
agarose gel. The concentration was determined lbotirgd) 20 pul of DNA solution in
480ul of TE buffer and read at 260 and 2§8.
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A2. Isolation of plasmid DNA

Plasmid DNA was isolated using the QiaPrep kit ¢@m Germany). The kit was

used according to manufactures instructions.
A3. Polymerase chain reaction
Polymerase chain reaction was performed using sipaid High fidelity PCR system

(Roche, Germany). A 50l reaction volume contained the following reag€oisiess

otherwise stated):

Reagents Volumeyl)
Sterile deionised 38
dNTP mix (10 mM each) 1
Forward primer (300 nM) 2
Reverse primer (300 nM) 2
Template DNA (100 ng) 1
10 x Reaction buffer 5
Expand High Fidelity Enzyme (3.5 W) 1
Total volume 50

The reaction was resolved on a suitable percentageose gel (generally 0.8%

agarose).

A4. Agarose Gel purification of DNA fragments andilgation reaction

Agarose gel purification of DNA fragments was cadriout using the GFX PCR
product and nucleic acid purification kit (Amershaf@ermany). The purified

fragments we ligated into appropriate plasmids.

The standard protocol for inserting PCR product® ipGEM-T Easy vector
(Promega, USA) was followed as per manufacturerstruictions. The PCR product
(100 ng) was added to 2 x rapid ligation buffer (6™ Tris-HCI, pH 7.8, 20 mM
MgCIZ, 20 mM DTT, 2 mM ATP, 10 % polyethylene glycol)capGEM-T Easy
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vector (50 ng). T4 DNA ligase was added (0.3 U)e hixture was incubated at 4°C
overnight and transformed into compet&ntoli XL1-Blue (Appendix, Section B1).

Cells were plated on 2xYT agar (supplemented wiitib#tics where required) and
colonies were selected for DNA isolation, as ddésati previously. The isolated

plasmid DNA was restricted witico RI or Not |, which release inserted fragments.

Similarly, T4 DNA ligase (Roche, Germany) was ugadigation of DNA fragments
into vectors such as pQE30 (Qiagen, Germany). Apmte amounts of the DNA
fragments (100 ng) to be ligated were incubatett Wie 10 x ligase buffer (660 mM
Tris-HCI; 50 mM MgCIz; 50 mM dithiothreitol (DTT); 10 mM ATP, pH 7.5) drl U

of the ligase, to a final volume of 3@. All ligation reactions were performed
overnight at 4°C, or at room temperature for foouts. Resultant products were
transformed into appropriate competent cells asrdexd in Appendix A5.

A5.  Preparation of competent cells and transformatins

Appropriate E. coli cells were inoculated into 2 x 5 ml LB broth andubated
overnight with shaking at 3C. The overnight cultures were diluted 200 timethwi
LB broth and incubated with shaking at°’@7until to early log phase. The cultures
were then centrifuged at 5000 g for 5 min A€ 4and kept on ice. The cell pellet was
resuspended in one culture volume of ice cold 0.M§Cl, and was left on ice for 20
minutes followed by centrifugation at 5000 g fomnutes at 4C. The pellet was
resuspended in a half culture volume of ice coldvDCaC} and left on ice for 1-2
hours before the cell were pelleted as mentionex ®©nth culture volume of CaCl
and one volume of 30% glycerol were added to tlie t@dlowed by storage at -7Q

in suitable aliquots.

Transformations were performed as follows. Ligatieactions or plasmid DNA to be
transformed were added to 10i0of the competent cells. The cells were left anfiar

20 minutes. The mixture was heat shocked at 42YQfminutes. The cells were
returned to ice for 1 minute, and 0.9 ml YT brothsnadded. The cells were left to
produce antibiotic resistance for 1 hour at 37°@ snbsequently plated on YT-agar

plates (15 g agar per 1 | broth) containing appadgrantibiotics. Selected colonies
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were grown in YT broth and plasmid DNA was recodees described previously
(Appendix A4).

A6. Restriction digests

Plasmid DNA was isolated as described in Append2x Reaction digest contained
plasmid DNA (200ng), appropriate restriction buffer (@) and 2U of appropriate

restriction enzyme, up to a total volume of @0 The reaction was incubated for 4
hours at appropriate temperature. The restrictiogest was resolved by gel

electrophoresis using a 0.8 % agarose gel.

AT. BAC DNA isolation

BAC DNA was isolated using the large DNA construsblation kit (Qiagen,

Germany) according to manufacture’s instructions.

A8. Sau3a partial digests

Ten eppendorf tubes were labelled 1 - 10. A mixtoetaining 20 pL 10X Sau3A
buffer (New England Biolabs, United Kingdom) anduR2 BSA (10 mg/mL; New

England Biolabs) and 200 pL of a BAC DNA (0.1 pg/ptepared as described in
Appendix A7). The mixture 40 pL was dispensed itibe 1 and 20 puL was
transferred into tubes 2 - 10. The tubes were kepice, and 1 pL oBau3A (10

units/pL; New England Biolabs, United Kingdom) wadded to tube 1 and mixed
gently. A 20 pL aliquot of the mixture in tube 1 svaubsequently transferred into
tube 2 which was serially diluted up to tube 9. dNlmtion was made into 10 which
served as a no-digest control. All ten tubes weibated for 1 hour at 37°C.
The restriction enzyme was inactivated at 65°C2@rminutes. The reactions were

resolved on 0.8% agarose gel.
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A9. Resolving of DNA on agarose gels

Appropriate amount of molecular grade agarose wakenhin 0.5 x Tris-Borate-
EDTA buffer (TBE; 45 mM Tris; 45 mM Borate; 1mM EB] to give an appropriate
percentage (w/v) agarose. Subsequent to coolingddition of ethidium bromide to
a total of 0.5 pg/ml, the gel was left to set isealed platform. A 6x DNA gel loading
buffer 2ul (0.25% bromophenol blue; 30% glycerogsnadded per 10ul of DNA. The
mixture was loaded on the gel. The marker used wd&NA (Promega, USA)

restricted withPst . Agarose gels were run at 100 V for 1 hour, amel DNA was

visualised using ultra-violet (UV) light.

A10. Sodium dodecyl sulphate polyacrylamide gel eddophoresis (SDS-
PAGE)

Preparation of protein samples was carried ouhbyaddition of SDS-PAGE sample
buffer (0.0625 M Tris, pH 6.8; 10% glycerol, 2% S[33%6 -mercaptoethanol; 0.05%
bromophenol blue) to the sample in a ratio 1 parffeo to 4 parts sample. The

mixture was then boiled for 5 minutes.

The BioRad minigel system was used for the runmihgll gels described. A 12 %
acrylamide separating gels (0.375 M Tris, pH 8.8, % SDS; 12 % acrylamide) and
a 4 % stacking gels (0.125 M Tris, pH 6.8; 0.1 %SS[3 % acrylamide) were
prepared. Polymerization of both the stacking aemhgating gels was induced by the
addition of 0.05 % ammonium persulphate (APS) an@0® % N,N,N’'N’-
tetramethylethylenediamine (TEMED). The gels wegsolved in 1x SDS running
buffer (25 mM Tris; 192 mM glycine; 1 % SDS) at 200or 1 hour. The
polyacrylamide gel were stained in Commassie stéd% methanol; 0.7% acetic
acid; 0.075% Commassie dye) and distained using ntassie destain (40%
methanol; 0.7% acetic acid).
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All. Western analysis

Transfer of proteins onto nitrocellulose was perfed as originally described by
Towbin and coworkers (Towbiet al., 1979). Protein transfers were carried out using
the BioRad western apparatus (BioRad, USA) witlstfhe prepared transfer buffer
(25 mM Tris; 192 mM glycine; 20% methanol). Thenster was performed at 4°C
for 1 hour at 100 V. Proteins transferred ontoau#lulose were visualized using
Ponceau S stain (0.5% Ponceau S; 1% glacial ameti¢. Destaining was performed

using distilled water.

Chemimiluminescent-based immunodetection of hiséidagged proteins was carried
out ECL chemimiluminescent immunodetection kit (Ast@m, Germany).
Subsequent to the transfer of protein onto the@cditulose membrane, the membrane
was rinsed twice with Tris buffered saline (TBS:r& Tris; 150 mM; Nacl; pH 7.5)
The nitrocellulose membrane blot was then leftlotking solution ( 5% fat free milk
in TBS) at 4°C overnight. The membrane was incubate murine produced
monoclonal anti-His antibody (Amersham, Germanylutdd 1 in 5000 in the
blocking solution, for 1 hour at room temperatuiidhe membrane was then washed 3
times in Tris buffered saline-Tween 20 (TBST: 0.I%een 20 in TBS) for 20
minutes. Following the washes, the membrane wasibated in horseradish-
peroxidase conjugate anti-mouse antibody (Amersl@enmany) diluted 1 in 5000 in
blocking solution for 1 at room temperature. Themmheane was washed 3 times in
TBST for 20 minute each. The ECL chemiluminesceneagents (ECL
chemiluminescence immunodetection kit; Amershamin@ay) were prepared by
mixing reagent A to reagent B in a 1 to 1 ratioeTilhembrane was placed in the
BioRad ChemiDoc EQ (BioRad, USA) and the mixed estigvere place on the
protein side of the membrane. Images were capging the auto expose settings.

Al2. Smart buffer plasmid isolation protocol
An overnight culture 1.5 ml was placed in an eppehtube and centrifuged for 2

minutes at maximum speed (16 000 x g). The supemhatas removed and the pellet
was resupended in 50 of smart buffer (10mM Tris pH8.0; 1 mM EDTA; 1564/w)
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sucrose; 20Qug/ml RNase; 10Qug/ml BSA; 2 mg/ml lysozyme). The mixture was
incubated at 37°C for 30 minutes then boiled forsB8onds. The mixture was place
on ice for 1 minute and centrifuged for 10 minud¢snaximum speed (16 000 x g).

10 ul of the supernatant was used per restriction tliges

APPENDIX B

STRAINS OF ESCHERICHIA COLI AND PLASMIDS

B1. Strains of E. coli used in this thesis

Table B1 Genotype of strains oE. coli used in this thesis

Strain Genotype

XLI-Blue | recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F’ proAB
laclgZAM15 Tn10 (Tetr)

JM-109 e14-(McrA-) rec Al endAl gyrA96 thi-1 hsdR17(rk-mK+ supE44 rel Al
A(lac-proAB) [F'traD36 proAB laclgZAM15]

dnaK 756 recA:: Tc"pDM1
BB2362

* The BB2362 strain (dnaK756) is resistant to bacfihage lambda and unable to
grow above 40°C. This strain expresses a DnaK thitbe amino acid substitutions,
one of which reduces its affinity for GrpE, whitsie two other substitutions elevate
the basal ATPase activity of DnaK (Buchbergeal., 1999).
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B2.

Vectors and plasmids used in this thesis

Table B2 Vectors and plasmids vectors used in thikesis

"2

U

Plasmid Description Supplier

pGEM-T Easy Cloning and sequencing of PCRomega, USA.
products.

pPpGEM-T_LcN Cloning and sequencing of the PCBenerated in thi
fragment encoding the LcHsp7@hesis.
ATPase domain.

pGEM-T _LcC Cloning and sequencing of the PCBenerated in thi
fragment encoding the LcHsp7@hesis.
substrate binding domain.

pGEM-T_LmHsp70 Cloning and sequencing of the PCBenerated in thi
fragment encoding the partial fullthesis.
length LmHsp70.

pGEM-T_LcHsp70 Cloning and sequencing of the PCBenerated in thi
fragment encoding the partial fullthesis.
length LcHsp70.

pGEM-T_FLLmhsp70 | Cloning and sequencing of the PCRBenerated in thi
fragment encoding the full-lengtithesis.
LmHsp70.

pQE30

T5 promoter-based expression vect
allows insertion of a coding region in
frame with and downstream of the
codons for six histidines.

oQiagen, Germany

pPQES30_ Lchsp70

pPQE30 containing the LcHsp70 part
full-length coding region

dGenerated in thi
thesis.

L")

pPQE30_ Lmhsp70

pPQE30 containing the LcHsp70 part
full-length coding region.

dGenerated in thi
thesis.

L")

PQEGO

T5 promoter-based expression veg
used; allows insertion of a codin
region in frame with and upstream
the codons for six histidines.

tQiagen, Germany

19
of

pBB46

pQEG6O containing thd. coli DnaK
coding region. The DnaK prote
produced from this plasmid was n
Histidine tagged since its codir
region contained a stop cod
upstream of the codons coding for {
six Hisdines.

Burkholder et al.,
nL996.
ot
g
DN
he

pCCBAC1E

BAC vector used for the constructic
of the L. menadoensis genomic
library.

piEpicentre, USA

pBK-CMV

Construction of thelL. menadoensis

Stratagene, USA

BAC 25 minilibrary.
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B2.1 Plasmid maps of plasmids used in this thesis
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Figure B2.1 Plasmid map of the pGEM-T easy vector
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Figure B2.2 Plasmid map of the pQE30 bacterial prain expression vector

(Qiagen, Germany).
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Figure B2.3 The plasmid map of pPCCBAC1E BAC vectofEpicentre, USA).
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Figure B2.4 The plasmid map of pBK-CMV vector(Promega, USA).
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APPENDIX C

PCR PRIMERS

Table C1 PCR primers used in this thesis

Primer Sequence =
Hoxa-11F/2 5-CCATTGCTACTCAACAGG-3 53.8
Hoxa-11R/2 5- AGAGTGGTTTTCTGTGC - 3 54.5
Fish 70F/2 5-GGWATYGAYCTSGGWACMAC-3' 54.8
Fish 70/R2 S-TTARTCVACYTCRATKGT-3' 53.0
Fish 70/intF2 5-CCGTTGAAGAAGTCT-3 50.1
Fish 70/intF2_R 5-CAGGATTTCTTCAACCG-3 51.7
Fish70F_3.1 5-GGAATCGATCTGGGTACCAC-3 55.5
Fish70F_3.2 5-AGATCATCACCAATGACCAG-3' 53.0
Fish70R_3.1 S-TTAGTCGACTTCTTCAATGGT-3 52.6
Fish70R_3.2 5-TAGCTTTGCCTGGTTGGG-3 56.2
ProbelF 5-TTGAAGTAAAGTCTACAGC-3 53.8
ProbelR 5-AGAGTCGATTTCAATACTGG-3 55.6
BAC25/70F 5-ACCTCG GTACCACTT ACT C-3 52.0
BAC25Rsp S-AGAGTTTCATGTCTGATTGG-3 53.0
FL_Lm70 5'-ATGTCTGCAGCCAAGGGAG-3 57.6
BAC25/70R 5'- TTAATCGACCTCTTCAATG-3 54.3
BamHI_Lchsp70F 5GGATCCATCATCACCAATGAC-3 59.0
Pst |_Lchsp70R 5-CTGCAGATTAGTCGACTTCTT-3' 58.5
BamHI_Bac25_70F | 5-GGATCCATGTCTGCTGCAGCC-3 59.5
KpnI_BAC25_ 70R: | 5-GGTACCTTAATCGACCTCTTCAATG-3’ 58.5
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APPENDIX D

PREPARATION AND SCREEN OF HIGH DENSITY COLONY HYBRID IZATION

FILTERS

D1. Processing of high density bacterial colony fers for hybridization

This method was used for preparing colony filteosrf BAC/PAC clones. The filters

generated are suitable for hybridization with réatieled or biotin-labeled probes.

Using the BioGrid BG600 (BioRobotics, USA) transfants were picked and
applied to four 22 cfhybond nylon membrane overlaid onto 300 ml of LB-agar (+
CAM or KAN) in a bioassay dish. The membrane wasilrated overnight at 37°C. A
piece of 3 mm filter paper slightly larger than styimembrane was placed onto a
large square glass plate which is placed withirafeteria dining tray The 3 mm
paper was saturated with lysis solution (2x SSC; &&) and flattened to remove
bubbles. The colony membranes were place on 3 tten fiaper, colony-side up and
allowed to sit for 3 minutes at room temperatureuatil the colonies appeared very
mucoid. The square glass was placed onto a tumtabl microwave oven and
microwaved at maximum power for 3 minutes or utlitd membrane was completely
dry. Proteinase K buffer (50 mM Tris (pH 8); 50 niADTA; 100 mM NaCl; 1% N-
lauryl sarcosine; 10 pg/ml proteinase K), approxetyal00 ml per four filters, was
placed in a large Pyrex baking dish. The membraveae submerged individually,
swirled in the dish so the filter was completelytt@d with the solution. The dish was
subsequently covered with saran wrap and incukatt&d°C for 2 hours, rocking the
dish occasionally. After this incubation, the coks appeared as indentations in the
filter and there were no bacterial debris. Thefdtrinsed in a large volume of 2x SSC
for 10 minutes, air dried and UV (ultraviolet) csbeked using the “autocrosslink”
setting on the Stratalinker 1800 UV Crosslinkerdttgene, USA)while the filter was
still damp.

! A large tray/dish may be used for this purpose as it merely serves as a sink for excess lysis
buffer.
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D2. Labelling of probe with a-**P- dCTP

The random priming reaction was carried out usimg MEBIlot kit (New England
Biolabs, United Kingdom). 2fg of probe DNA was dissolved in 28 of nuclease
free HO and denatured in a boiling water bath for 5 mesufThe denatured DNA
was immediately placed on ice for 5 minutes andflyricentrifuged. The following
reagents were added:
5 ul of 10 x labelling buffer containing octadeoxyrihaleotides (New
England Biolabs, United Kingdom)
6 ul of dNTP mixture (dATP, dGTP, dTTP;10 mM each; Ndé&mgland
Biolabs, United Kingdom )
5 ul of a-**P dCTP (5QCi; New England Biolabs, United Kingdom)
1 ul of DNA polymerase | Klenow fragment (3.5 unitg New England
Biolabs, United Kingdom).
The reaction was incubated at 37°C for an hour.

D3. Hybridization method for membrane-bound nucleicacids

This is a simple method that can be used for hyaithn of phage lifts (including
primary library lifts), dot blots, as well as Soeth and Northern blots. The method
employs a hybridization solution largely consistioigSodium chloride, BTA and
Tris (SET).

The one membrane prepared in Appendix D1 was placachybridization container
with 10-15 ml of SET solution (0. 6 M NaCl, 0.02 BDTA, 0.2 M Tris, 0.5% SDS,
0.1% Sodium pyrophosphate). Prehybridization wasexh out for four hours. The
probe prepared in section D2 was added directieéohybridization dish containing
SET solution and filters. The container was sealed placed in a rotating water bath
overnight at 65C. The membrane was removed from the hybridizas@ntion and
placed in a small volume of general purpose wasttisn (1X SSC, 0.1% SDS,
0.025% Sodium pyrophosphate) for 10 minutes &C52he membranes were then
washed in a large volume of high stringency wadhtem (0.1X SSC, 0.1% SDS,

0.05 % Sodium pyrophosphate) for one hour aC5Z’he wash solution was changed
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frequently. The membrane blot surface was coveiidd ane layer of Saran wrap and
exposed to an X-ray film at -70 with intensifying screen three hours. Longer

exposure times did not change the results.

Figure D4.1: Lane 1=lIsolation of thelL. chalumnae hsp70 specific DNA probe {chsp70 5’ probe).
PCR amplification of the 220 bp probe from thechalumnae 5' hsp70 fragment encoding the N-
terminal ATPase domain. MkPst 1 size marker; 220 bp PCR probe.

Lane 2 = Isolation of theL. menadoensis hsp70 specific DNA probe {m probe). PCR amplification
of the 247 bp probe from the. menadoensis 5' hsp70 region of the partial full length BAC25
Lmhsp70.
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APPENDIX E

COMPOUNDS AND SUPPLIERS

Table D1 Compounds and suppliers used in this thesi

Acrylamide Sigma Germany
Agar (Bacteriological) Biolab (Merck) South Africa
Agarose WhiteSci South Africa
Ammonium acetate Saarchem South Africa
Ammonium persulphate Saarchem South Africa
Ammonium sulphate Saarchem South Africa
Ampicillin Roche Germany
Bis-Acrylamide Sigma Germany
Boric Acid Saarchem South Africa
Bromophenol Blue Sigma Germany
Calcium Chloride Saarchem South Africa
Chloroform:lsoamyl alcohol (24:1) Sigma Germany
Coomassie Brilliant Blue G250 uUSB USA

EDTA Saarchem South Africa
Ethidium Bromide Sigma Germany
Glycine Sigma Germany
IPTG Roche Germany
Kanamycin sulphate Roche Germany
Lambda DNA Promega USA
Lysozyme Roche Germany
Magnesium chloride Saarchem South Africa
Mercaptoethanol Merck Germany
Nucleotide mix Roche Germany
Ponceau S Sigma Germany
Potassium acetate Saarchem South Africa
Potassium chloride Saarchem South Africa
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Potassium hydroxide BDH Germany
Potassium phosphates Merck Germany
Potassium phosphate; KH Merck Germany
Proteinase K Roche Germany
Sodium acetate Merck Germany
Sodium chloride Saarchem South Africa
Sodium dodecyl sulphate BDH Germany
Sodium hydroxide Saarchem South Africa
Sodium Phosphate; b4 Saarchem South Africa
Sodium Phosphate; NaH BDH Germany
Sucrose Sigma Germany
TEMED Sigma Germany

Tris Sigma Germany
Tryptone powder Oxoid England
Tween 20 Saarchem South Africa
Yeast extract Oxoid England

Restriction endonucleases were purchased from AraergSweden) or from Roche

(Germany).

Primers were purchased from Integrated DNA Techgie®d (USA) and Ingaba
Biotechnology (South Africa).
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ug

ul
uM
umol
°C
A
ADP
Amp
APS
ATP
ATPase
Bag-1
BAP

BiP
BLAST

bp

BSA
CbpA
DNA

DnaJ
DnaK
EDTA

ER

g

G/F region
Hdj

Hip

R

Hop

HPD motif
His Tag
Hsc

Hsp

APPENDIX F

L IST OF ABBREVIATIONS

Alpha

Beta

Lambda

Microgram(s)

Microlitre(s)

Micromolar

Micromole(s)

Degrees Centigrade
Absorbance

Adenosine diphosphate
Ampicillin resistance

Ammonium persulphate
Adenosine triphosphate
Adenosine triphosphatase
Bcl12-associated athanogene 1
BiP associated protein

Binding protein

Basic Local Alignment Search Tool
Base pair(s)

Bovine serum albumin

Curved DNA binding protein
Deoxyribonucleic acid

Prokaryotic Hsp40

Prokaryotic Hsp70

Ethylene diamine tetra-acetic acid
Endoplasmic reticulum

gram

Glycine-phenylalanine rich region
Human DnaJ-like protein

Hsc 70 interacting protein

Hsp70 /Hsp90 organising protein
Histidine, proline and aspartic acid oti
6 x Histidine Tag

Heat shock cognate protein

Heat shock protein
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Hsp40 Hsp of 40 kDa

Hsp60 Hsp of 60 kDa

Hsp70 Hsp of70 kDa

Hsp90 Hsp of 90 kDa

IPTG IsopropyBD-thiogalactoside

kDa Kilo Dalton

M Molar

mg Milligram

ml Millilitre

MSA Multiple sequence alignment

NCBI National Center for Biotechnology Information
NMR Nuclear magnetic resonance

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PDB Protein Data Bank

PDI Protein disulphide isomerase

Pi Inorganic phosphate

RNA Ribonucleic acid

rpm Revolutions per minute

SAP Shrimp alkaline phosphatase

SDS Sodium dodecyl sulphate
SDS-PAGE Sodium dodecyl sulphate polyacrylamidestgtophoresis
TBE buffer Tris Borate EDTA buffer

TBS Tris buffered saline

TBST TBS containing Tween 20

TE buffer Tris-EDTA buffer

TEMED N,N,N'N'-tetramethylethylenediamine
TPR Tetratricopeptide repeat

Tris Tris-2-amino-2-(hydroxymethyl)-1,3,propandiol
wiv Weight per volume

Ydjl Yeast DnaJ

YT agar Yeast tryptone agar

YT broth Yeast tryptone broth

The IUPAC-IUBMB three and one letter codes for amrétids were used, and single letter codes were

used for nucleotides.
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