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Abstract

Proteins conduct a & array of chemical processes and achieve thimugh a
balance of flexibility and function. Proteins from extremophilic organisms have
evolved to adjst this balance tdunctionin extreme conditionsResearch into hot
adapted proteins ha$een encouragedthrough siccesss in improving enzyme
thermostability, though coleadapted proteins alsmffer substantial potential as
they can functioneffectively at lower temperatures. Research into caltapted
p2iSAya NBYFAY&E fAYAGSR RS&ALMAGS O2fR

biosphere.

Thisstudy compares thestabilities of cold shock proteinCsp)homologuesfrom
bacteria growing at \&ly different temperatures. The colddapted Cspshow
reduced hermal denaturation miepoints (T, values)compared toa temperate Csp
with PB6 Csp displaying the lowegt df 42.8 xC contrasting with52.3xC shown by
B<Lsp.Thermosability projections using the Gibkdelmholtz equation showold-
adapted Csps displaslightly reducedthermostabilities andremain foldedover a
narrower range of temperatures. Cdpermodabilities were found to be very
similar ataround 8 degrees below the optimgtowth temperature of the bacteria
each Cspwas derived from, suggesting thermostabilities evolved relating to Csp
operating temperatures The roles of electsiatics and hydrophobic packing in
stabilizing a hyperthermophilic Cspeaevaluated using mutants thatighlight how
a singleside chain lengthreduction dramatically decreases Cdpermostability.
Kinetic studies showed that the Cspghibit similar folding rate costants but
different unfolding rate constantsinitial flexibilitystudies suggst that DNA binding

increases Csp rigidity and triggers a confational change in psychrotrophicCsp.

Csp mechanicalstabilities showedthe same hierarchy ashermostabilities and
similar sensitivity to temperature changeskhergy landscape projections
constructed usingMonte Carlo simlations showed themechanicalenergy barrier

height of Csp unfoldingvas temperature independent. At ¥C the Csps showed
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similar mechanical softness however the hyperthermophilnCspshowsgreater

mechanical softness at higher temperatures.
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coats and nitrilegloves wee worn at all times when working withhése bacterial
cultures. These we always kept within the lab and the gloves sent for incineration
after use. Platic waste such as pipette tips, petri dishes and tubes are sent for

autoclaving and incineten.
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1. Introduction

1.1. Protein stability

Proteinsperform a vast array of different essential process withorganisms and to
be able to perform thesdunctions most proteins must be folded inb precise 3
dimensionalstructures. Proteirs are synthesised s a polypeptide chains and as
they fold and acquiremore native contacts their free energy decreases and the
number of possible conformationthie polypeptide chain can adopt decreadds.
Folding proceeds bythe path of leat resistance with intermediates converging
towards an energy minimuno minimisefrustration in the protein (32 There are
however examples of proteins which do not require a specific 3D shtgrened

disordered proteins which includenkersand someribosomal proteins (3.

Thestability of a protein depends on its amirazid sequence. Even a single amino
acid mutation can convert a highlgtable protein into one which is ustable or
cannot fold correctly. Interactions stabilising protein tertiary and quaternary
structures include hydrogen bonding, elecétatic interactions, van der Waals
forces disulphide bondsdipoledipole interactions and hydrophobic effeq®). The
most numerous interaction types are hydrogen baong and hydrophobic
interactions. They are individually weak but provateength through large numbers

of interactions.

The stability of proteins is not only dependent on the polypeptide chain alone but
also on the surrounding solventinlike many othewsolvents, water molecules are
small enough to enter cavities within proteins. There are alemperature
dependentchanges in the density of water moleculasd the ordering of water
molecules(5-6). This gives a unique fie@rn of energy changes which aspecificto

g I U S BJs the phage in free energy between solvestates which in water is

equivalent toenthalpyn I ¢ n { robluct ofitdPeralire and entrop Both of
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these factors are temperature dependent asown inFigurel.1 but havesimilar

magnitudes in protein sfems around physiological temperatures.
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Figurel.lY ¢ SYLISNI (G dzZNB RSLISYRSy OS 2F nppDWGithwafeRasgan{ & A
a2t @Sy is equipant tochange inenthalpy p | ®is the temperature in kelvin ands

representschange irentropy. Taken from %)

The balance of enthpy and the product of entropy and tengpature are linked by
the Gibbs free energy equatioerquation 1.). By subtracting the value dhSfrom
nHO6 n&) in the above plot it can be seen that the protein only remaitableover

a limited range of temperature#\s the energy level of the foldeddate of a protein
is onlymarginally morestable than an array ofunfolded states this balance can
easily be ipped in favour of the unfoldedtate by changes in pH, temperature or

the presence of chemical denaturan@®.

Oon ppdgzo Y 30 BY

1.1.1Theprotein stability-function trade-off

The marginaktabilities of current proteins seen&urprising as itnay be expected
that natural selection would lead ta trend of increasinghermostability. Roteins
have not evolved the maximurthermostability that they could possibly achieve

becauseprotein evolution has had to balancthermostability with maintaining the
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flexibility necessary for protein functio degree of flexibility is required for the
function of many proteins, from rearrangements in enzymes during catalysis to
transporter proteins which may open up and closestauctural protans such as
muscles and eHic tissue involved in responding to mechanitaices (8). With
enzymes the theory ahduced fitformulated by Koshlandnvolves the shape of an
enzyme adapting to the bindg of a sulstrate and was pstulated based orstudies
of the bindirg of glucose by hexokinas8-10). The more recently devised theory
for catalysis of conformational selection also relies ostimict molecular motions
within the enzymeto allow the enzyme to be able to bind to sifate, transition
state ard products(11). A lowerthermostability of proteins maylso make proteins
easier todegrade when tk protein is no longer requiredlthough this also depends

on kinetic effects.

The rates of chemical reactioremn beincreasel by performing the reactiorat
higher temperatures howeveihe thermostability of proteins can become a limiting
factor asincreasinghermal vibrationsat high temperaturecanlead tothe loss of
protein 3 dimensional structures To be able toremain stable at higher
temperaturesa protein can be genetically modified to contaiamino acids that
form additional bonds such as salt bridges or a more tightly packed hydrophobic
core (12-13). Thiscan producea protein which isnot only more thermostable but

also more robst agairst charges in factors such as pBHuch changes however can
interfere with the flexibility of the protein castraining itand making it less able to

exhibit the molecular motions required for its functi¢id-15).

Alternatively a protein can be engineered to exhibit more flexibildaytry and
improve the rate at which it performs its function by weakening or removing some
of the interactions which can strict the internal molecularmovemens. This can
however leadto a destabilisation of the foldedstate relative to the varig of

possible unfoldedstates makingthe protein unstable This can lead tdransient
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unfolding or the protein may nabe able tofold to astable3 dimensionaktructure
at all(13)(15).

The balance between the limitations ofhermostability and dynamicss often
referred to as the stability-function tradeoff and provokes some interging
prospects(16). The first is how the thermostability of a protein can bengineered

to take alvantage ofthe greater reactionrates at higler temperatures without
adding interactions which themselves disrupt enzyme activity (17-18). If a
commercial enzyme is modified to be able to fuontat higher temperatures it
may notbe advantageouthe modificationsdecreaseactivity more than the activity
gain from using &igher temperature. The other approach is to look at optimising
the activity by increasing flexibilityand allowing some sacrifice tfiermostability
(19). This methodmay allow enzme-controlled reactions thatcurrently require
heating to be conducted effectively at moderate temperatures saving on heating
costs (20). The extent to which thermostability can be reduced and the protein still
maintained in a folded state may be limited. ltaisonot yet fully understood how
effective increases in flexibility are in improving enzyme activity as protein dynamics

can be dependent on many factors.

1.2 Types of extremophiles

Some of the issues brought up by the stabifilpction tradeoff have already been
addressed in nature through the evolution of organisms living at high and low
temperatures termed extremophilednterest in extremophiles increasedith the
discovery ofSulfolobus acidocaldarius 1965by Thomas and Louigrockwithin a
sulphurous,acidig geothermal pool in the Yellostone National Park (21-22). It
could be altured to temperatures as high as 9&and this sparked a wider intese

into the extreme conditins at which life can surviy@3).
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There are a variety of ifferent types of extremophile such awhermophilic
organisms which live above 4CC and analogously psychrophilic and
psychrotolerant organismwhich live below 15°C (24-25). Those usually living in
the intermediate rangeof temperaturesare classified & mesophilesSalt-loving
bacteria termed halophiles are capable of growing irconditions with NacCl
concentrations asigh as 5 Mwhile most organisms cannot grow efficientit a
concentrationabove 0.9V NaCl(26). Terms such as extreme, obligate or fhrefix
hyper are used to denote organisms adapted irreversibly to their respective
extreme condition such that they cannot surviueder regular conditions. Terms
like facultativeor moderate are usd where an organism can tolerate the extreme
condition bu do not require it to survive Other types of extremophiles include
piezophileswhich can grow atthe high pressuresbove 40Mpa found on ocean
floors, acidophileswhich grow at low pH levels aralkaliphileswhich can grow in
high pH conditions(27-29). Extremophilic organisms may be categorisido
multiple classifications such as the thermoacidoph8alfolobus acidocaldarius
although some combinations may be mutually excluslvés worth noting that d

of the extremophlic terms are relative andare considered from the human
perspectivewhich may not be fully representative(30). This invetigation will

primarily focus on the temperature adapted extremophiles.

How extremophiles have evolved still subject to debate. &ne theoriesbased

around extrapolating modern proteimnd geneticsequences back to ancestral
sequences suggethat the last universal common anator (LUCADf all organisms

was thermophilic It may be that current mesophilic proteins were derived from
thermophilicproteins whichevolved to be more mesophilic due to a decreastha

9 NIIKQ& (afdBIBSNIBYEND 2t R LIBNBR3R)At isluntlesd | NI K Q&
if current thermophilic proteinsmaintained thermostabilty through evolution or if

they evolved tobe mesophilic proteins then revolved to higher temperaturel85).
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1.2.1Usingextremophilic proteinsto address thestability-function trade off

The potential of the proteins of extremophilic organisms for biotechnological uses
was highlighted byrhomas Brock througthe discovery of another thermophile in
Yellowstone National Brk calledThermus aquaticu$36). Thisbacteriumcontains a
particularly thermstable DNA polymeraseeommonly known as taq polymerase
which has become routinely used the polymerase chain reaction (PCR) as it can
survive thehigh temperaturs overrepeated thermal cyclethat is required in this
procedure witlout loss d activity 37). More recently thermostable enzymes have
been discovered that maintain activibeyond the range over which life is seen with
the thermostable enzyme amylopullulanasstill retaining activity up to142 °C.

Thermastableenzymes have long shdifes and are less soeptible to changes in

pH. 38).

Thermophilic proteins offeincreased thermetability to achieve greater reaction
rates while proteins derived from psychrophilic organisms may function with
greater activity at lower temperatures. Both classes of protein have evolved
effective strategies to balancetability and fleibility at their respective operating
temperatures (39-40). Flexibility is particularly important in the active site. In
hyperthermophiles the active sitgtill needs to bestableat very high temperatures
and yetstill able to change to fit the sudirate, transitionstate and productg42). A
tightly bound sultrate is favourable tcstability but this makes conversion to the
transition state bound form more difficuland can increase the energy barrier for
the enzyme sustrate complex to corert to the transitionstate (41). A study by
Scoichetet al into a series of lysozyme mutants optimised for increased
thermostability and a second group optimised for increased activity showed that

those maximised for activity gave postability andviceversa (3).

The modifications used in extremophilic proteins could provide insight ¢hatbe
used to optimize thethermostability and flexibility of other commercially

interesting proteins. To do this,extremophilic proteins need to be compared to
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mesophilic poteins to identify what the differences are and what effects these
have on proteinthermostability and activity(43-44). Thermophilic proteins have
improved stability relative to mesophilic proteins and some of the literature states
that cold-adapted proteins magquivalentlyhave more optimised dynamics (4B8).
better knowledge of how psychrophilic and thermophilic proteins differ from
mesophilic proteins may allow optimisation aynamicsor thermostability in
meshilic proteins. Wherehese two types of adaptions do not excludach other
this could allow the production of proteins that display an improvemenbath
characterstics (45). As proteins feature in so many metabolic processes more
knowledge of extremophilic proteins couletlp us tobetter undeistand the limits

of proteinthermostability atthe boundaries of where life cagxist.

1.3 Methods of comparing proteirstabilities

1.3.1 Mutational studies

There are two separate ways to deduce the impactstiictural featuresin
increasingprotein stability, flexibility oractivity. The fist is to perform mutational
studies whichinvolve altering the genetic DNA sequence of the protein to change
one or more of the amino acids. Thesin involve insertioror deletion of sets of 3
bases while maintainng the correct reading frame of the sequencer the
substitution of one or morebases. To examirt@e effect of a salt bridge interaction
for example the charged residues might be siituted for polar residues and the
stability of the mutant compared with that of the Vd type. Swability can be
qualified using heat, chemical denaturants or mechanical fordesneasuring
mechanical stability. Heat and chemical denaturation are examples of
thermodynamic effects while mecharaicstability is dependent on kinetic3he role

of hydrophobic residues to increastability through core packing can be assessed
by mutating larger hydrophobic residues to smaller orseh as alanine aglycine.
Other aspects inwigated by mutationstudies could include active site mutations
followed by assays of enzyme activity or removal afteipe residus to measure

the impact of disulphide bridges @tability.
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Somestudies have beeperformed which sustitute residues in a protein for all 19
possible alternativesalthough this leads veryuckly to a vat number of protein
variants Toinvestigate P number of positionswith y number of variations at each
position, gives N number of mutants to produg¢equation 1.2. If y = 19 then this
very quickly generatesa large value of N as P increasss a more selective

approach is preferable.
Oon pgd o

Mutants may bestrategically selected to discover the roles of residues using
predictions based on knowledge of the proteitmucture andfunction. Alternatively
they may be selected with sytematic approach such as replacing each aromatic
residue inthe protein with alaningin turn. The main difficultly is that each separate
mutant must be generated by sitelirected mutagenesis and exmsed. Some
mutants may not express and large scale mutsintlies can be laboriousnd time
consuming. In sucktudies the subtitutions which are made are generally of amino
acids with similar properties. Ssitutions of hydrophobic core residuesif polar or
charged residues orice versa areuncommon as thes often donot as result in a
protein which can fold correctlyAs well as hydrophobicity and charglee size of
amino acids mst also be considered to avoicteating steric clashes. In deletion
mutants, loop size changes are oftestudied. Predicting the effects that individual
mutations will have is a greahallenge in moleculabiologythough programmes

are bring developed which are working towards t{#6-47).

The cumulative effect of mufile mutations can also be assessed by this method
(48). If for example 2 mutationboth stabilize a proteina double mutant may be
made containing both mutations and this matabilise the protein by more than
the sum of the individual mutations. However combined mutations may also
conflict with others such asausingsteric hindrancesand repulsiors between like

chargedeading to a decrease in protestability. Mutations may hAve undesirable
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effects such that a mutation to improve therrsi@bility of an enzyme may give the
intended stability increase but may also reduce the activity of the protéithis is
for an enzyme to be used at low temperatures then some losstadfilty may be

accepiableso what properties are ideal depends on the practical use.

The main difficuly with trying to optimise thermstability is that the majority of
mutations will decrease or abolish thieermostability of a protein and only a small
number increase it. As more interactions become optimistee proportions that
further increasethermostability fall further as there are many more interactions
that could be disrupted with eacinutation. To be #&le to function at high
temperatures thermophit proteins have golved complex combinations conferring
thermostability and function that would be very complex uiscover through
mutational studies For examplea variant of an enzyme which has been isolated
from a hyperthermophilic organism represents goodstarting point for rational
design of an enzyme to be used at high temperatuigstter knowledg of what
makes a protein exhibigreater thermostability or activity can be derived from
these studies and hopefullyapplied to other proteins, howevelpatterns observed

in one protein family may not always be applicable to otheatein families.

One study that can be performed for temperature adapted homologues is to
substitute equivalent residues from #hermophilic homologue into anesophilic
protein to see what Hects these residues may have towards temperature
adaption. Thisstrategy however does not provide the optimisation of surroungd
residues which can be important such that one salt bridge can b&bidising but a
network of salt bridge highlystabilising. Temperature adapted proteins have many
mutations to optimise function and some mayvolve general patterns based on
many small optimising improvementthat act coeoperatively to produce an
adaptive effect. This isgpticularly pertirent for psychrophilic protein wheregenetic
modification to producandividualmutations or double andriple mutants camot

show these moresubtleeffects.
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1.3.2 Comparativestudies

An alternative approeh to study differences between similar proteinss
comparativestudies whichcan allow vat numbers of changes to be seen quickly
and enabletrends and patterns tde picked out ofdata for further invetigation.
Homology searchingllows the input of a DNA or protein sequence into a databank
producingan output of similar sequences from astarray of different organisms.
The effectiveness of such approachésve been dramatically improved by
improvements in computing power artie recent generation of \& databases of
genetic data and protein datab&s (49-50). Current techniques allow millions of
sequences to be rapidlgompared and similarity scores ranketb be able to get
the maost out of alignments of extremophiliprotein sequencest necessary to have
additional data about the living conditisnof the organism the proteins derive

from.

Once manyhomologoussequences have been obtaingthey can be aligned with
each other andgaps added where amino acids are missing in some of the
sequences49). An alignment of temperature adapted proteins from within the
same family can show what patterns of residues and motifs are important. It can
alsoallow other trends such as the number and balance of charged residues to be

observed omodifications in thdength of loops.

Thermophilic homologues can often be easily identified by highly conserved
stabilizing motifavhich canfer high sequence identity allowing easy identification in
homology searchegl2). There are very few combinations of mutations thabyide
sufficientthermostability for proteinsat high temperature which haveevolved due

to very strong selection pressure for greater stability imposed by extreme hot
climates(40). The vast majority of mutations occurrimg the sequence of proteins
will decrease thermostability. When in conditions where there is a losebection
pressure for greater stabilityhis would lead to a general trend of reducing

thermostability. There may therefore be far mordivergencein the pathways of
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evolution ofpsychrophilicproteins. As there are also less conserved motifs in-cold

adapted proteins they may be much harder to identify by homology searches.

Theae are someother issues around using databases for studies of extremophiles.
As many proteins contain similar domaiiisis possible that a search for similar
sequences could bring up some sequences which are not homologouscarhis
prove an issue where organisms have multighféerent proteins sharingections of
conserved sequenced.he composition of thelatabases can be highly weighted
with large anounts of mesophilic and thermophilic sequence ddtat far more
limited psychrophic sequence datalt is thought that less than 1% eftchieved
protein squences are psychrophilic (41¥hen comparing protein sequences it is
important to consider that pteins may evolveo cope with a variety of extreme
conditions and not necessarily just one factor. For instan@@naparison between
a thermoaidophilicprotein and a psychrophilic proteinvolves the comparison of
multiple types of adaption socannot be considered as temperature adaptation
alone (30) Identifying such case®quiresgood knowledge of thdiving conditions

of the organisms investigated.

One of the greatst biological challenges i® be able tobe able to use primary
sequence data teredict folded protein structures reliably and accuraie(51-52).
There is also thehallenge of usingequerte orstructural datato predict the levels
of thermastability or activityof a proteinso then the effect of mutations ecid be
estimated. Currentlyreliable values of thermostability parameters cannot be
obtained from sequence data alorsd separate proteis needto be expressed
purified and tested (53). While mesophiligroteins are generally easy to express,
extremophiic proteins are more challengingdncethe homologues have been
expressedmany differenttechniques can be applied to theandthe effect of the
adaptionascertainedvery quicky. One issu&ith comparativestudies can be where
experimentsare performed at different temperaturesn varyingbuffers or even

using different techniques. Any changes lre tmethod used to record data about
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each protein producesnethod to method variion which can lead to inaccurate
conclusions. Manycomparative studies invatigate mesophilic andhermophiic

homologues but few include asychrophilic homologue.

Comparative studies allow theeffect of adaption to be seemacross multiple
organisms simltaneouslyand trends to be more easilydiscoverel. Predictions can
be made aboutvhich residue changes are important but comparatstadies alone
cannotdistinctly show the effect andhe contribution of individualchanges to an

adaptive effect.

1.3.3 Comparativestudies using extremophilic proteistructures

Relatively recently it has become possible to compare structural data between
homologues though this is still highly restedd by the availability of structure3he
impact of the diferencesbetween the sequences aoverall proteinstability can be
inferred bystructural comparisonsA combination ofstructural and bioinformatics
studies have shown that only small numbers of amino acidstultions occur
between psychrophilic, mesophilic anithermophilic protein homologes 64).
These are not generallgistributed uniformly across the protein but stead
concentrated in particular regions associated with protein functionality. Residues
that have astructural role or bind ligands tend to be wehighly conserved with
substitutions often occurring in surrounding residues and loop regions. Catalytic
residues are generally very highly conserved in extremophilic enzymes as they are
required for protein function(55). Stuctural elements and overaibpology are very
highly conserved within protein families across homologues adapted towards
different temperatures. This is shown by comparisons of thetahgtructures of
adenylate kinase proteins frorBacillusglobisporus Bacillussubtilis and Bacillus
stearothermophilusn Figurel.2 (56). The fact that only small numbers of amino
acids differ between psychrophilic, mesophilic and thermophilic homologues,

makes sequence comparisons very useful.
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Figure 1.2: A comparison showing the similarity aflenylate kinase structures. The adenylate
kinases were isolatedrom the psychrophileBacillus globisporugA, on the left), the mesophile
Bacillus subtiligB, in the centre) and the thermophiRacillusstearothermophilus(C, on the right).
Thestructures share amino acidentity of between 65% and 75. Yellow spheres represeictive

site residues and the cyan residues the lid dom@iakenfrom (56).

A significant difficulty with this approach is thaelatively few Xray crstal
structures (<50) of psychrophilic proteins have been obtained in comparison to
other extremophilic proteins. Thisnay be due to these proteins being more
thermolabile or difficulties in producing @tals of ddined protein corfiormations

due tothe increased flexibility ofgychrophilic proteinsgb)(57).

1.3.4 Thermophiic protein adaptions

The previous sections have highlighted some of the methodology of comparative
studies and recent improvemén Using these approaches a significant amobas
been discovered abouthermophilic proteinsand the adaptations they have
evolvedto maintain thermostability at high temperatur€46)(44). In 1975Perutz et

al. performed the fist comparative studynto the differences between homologues

of the same protein family from organisms adapted to different temperat&s;.

The study identified differences in the amino acid composition between a
mesophilic andhermophilic homologue of feroxin with an elevaon in numbers

of charged residues giving increased numbers of ionic bamdke thermophilic

variant (59). Other studies have madmmparisonswith proteins from extreme
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thermophiles such a¥hermotoga maritimawvhich lives in deep sea thermal vents
(60).A study byRobinsorRechavand Godzikfound that proteins fromThermotoga
maritima have an increase imydrophobic packing density compared B oli
proteins (6). The amino acid composition of thermophilic proteins has been found
to contain greaternumbers of long chain and aromatic residues for improved
hydrophobic packing and more structurally constraining amino acids such as proline
(62) Since this invgtigation, a large number ofstudies have been performed
comparing thestabilities of thermophic ard mesophilic protein homologues which
have confirmed trends such agreater number of salt bridges anthcreased
hydrophobic packingn thermophiles (6364). A collection of theséata ae seen in
reference (18. The adaptations of thermophilic protes have beome a focus for
scientificstudy, as thermatable enzymes can allow reactions to be performed at
higher temperaturesvhich yieldfaster reaction ratesThereis much howevestill

to learn about how psychrophilic proteins are adapted and hibne could be

applied to improve protein function at low temperatures.

1.4 Psychrophilic proteins

1.4.1 Life at cold temperatures

A general definition for a psychrophile smted by Morita in 1975 is an organism
that has an optimum growth temperature &#ss than 15C and which cannot grow
above 20°C (24. Whikt psychrophiles are considered as extremophilic organisms
the category actually encompasses atvange of life, spanning the kingdoms of
bacteria, archea and eukaryote$5). Much of thebiosphere of the Earth is
composed of cold climates with over 80% having a temperature stensy below

5 °C (66). This is because while we may primarily consider theslamface most of

91 NI KQa adzNFI OS A a. tGhai&edBhalf lile fs toéhd eh3h8 L) 2 0S
surface of Mars that it would fall into the psychrophilic categ@¥)30). Organisms
such as the Antarctic bacteriuMoritella profundahave maximum growth rates at
around 12°C and grow as low as°€ (67). The lowst temperature for life to be

sustainable was, until recently, thought to be aroun@®0 °C in high salt
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environmentssuchasbrine vens in sea icelQ)(70). In recent yearsnicrobes have
been discovered living in Antarctic dry valleys at temperatures as$0 °C 68).

Ice crgtals maystill contain smalbmounts of liquid water between them which can
support life (9). The production of biological antifreezes such as glycolipids to
prevent ice crgtal nucleation appears important for decreasing tineezing point

of water n some sukzero psychrophileg69-71). Despite the prevalence of
psychrophiles within the biosphere it seems rather surprising that comparatively far
fewer studies have been performed on them in comparison to thermophilic
organisms The effects of higkemperatures on organisms aesasier to observe as
the heat causes clearer physiological damage to cells and dematuraf proteins
(72).

Psychrophiles are not $i able to grow at low temperatures but are adapted
irreversibly to them such that they cannot oyv at mesophilic temperatures
(19)(30). Organisms which cdacultativdy grow at low temperatures but retain the
capacity to grow at higher temperatures are teed psychrotrophs or
psychrotokrant (71). The boundaries used in thigerature can be quite variedo it

is not always obvious which swategory is being referred to. A further roplexity

is that temperatures during thesummerand winter in many psychrphilic climates
may vary significantlyOrganisms may be able ttolerate degrees of low
temperature but there are differences between organisms which can survive low
temperatues for a period ofime and those whiclthrive at low temperatures30).
Psychrophiles can be further divided by their range of growth temperatures with
stenopsychrophiles only able to grow within a very narrow temperaturegeawhile
eurypsychrophiles can survive im wider range of temperates {1).
Stenopsychrophiles tentb be more specifically adapted to occupy a specific niche
having fater growth rates under their optimised conditions. Eurypsychrophiles
however are often the dominant branch as they are more able to copéh

temperature fluctuations{3).
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1.4.2 Challerges of life at low temperatures

Psychrophilic organisms face a wide range of challenges such as increased solution
viscosity, dereased diffusion rates slowing bothutrient uptake and excretion,
decreased protein synthesis ratedabilization of nucleic acid secondasiyuctures

and protein misfolding (71)(74). Psychrophiles require significant adaptations to
cope with these factors, for example the membranes of psychrophilic enzymes
show an increased number of unsaturated, brantland shorter fatty acidshains

to maintain flexibility (20X67)(75). Thisstudy examinesthe adaptations of proteins

to cope with isues regarding protein activity armrotein foldingchanges ircold

adaptedorganisms

One of the mat significant problems psychrophiles face tiee exponentially
decreasing rates of reaction with lower temperatur&his correspondsto the
Boltzmannequation (Egn 1.3 shown below 65). In the equatiork.y is the enzyme
rate, k the transmission coefficienkg the Botzmam constant, T the temperature
in Kelvin,Ris the universal gas cett y (iG"®ik the activation energy ant is

tfFylsad 02y

L Q7Y
onR padQ =5 0 T

A decrease itemperature of 1°C is generally thought to decrease reaction rate by
between 2 and 4 timedncreasing enzyme expressitmcounter this effect would
be very energetically expensive and so psychrophiles hasteaith evolved to
increase enzyme activitand the theory generally proposed is that this occurs
through increases in flexibility54X75)(77). At the same lowtemperature the
specific activity of psychrophilic enzymes canuipeto 10 times greater thatheir
mesophilichomologues However, vinen comparing theactivity of both types of
enzyme at their respective optimal operating temperatyrasie activity of
psychrophilic enzymess still generally significantly below that of mesophilic

enzymesas shown irFigurel.3(78).
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amylaseand alJi & O K NRdnildsé fkotPseudoalteromonas haloplankti¥he psychrophilic

protein isrepresented byclosed circlesand the mesophilic variant by open circlesdapted from

(41)78).
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enzymes is shown iRigurel.4. Aswould be expected the order démperature of
maximum activity and the tengrature at which the Csps remastableboth follow
the same hierarchy psychrophic homologue < mesophilic homolog <
thermophilic homologue (41)(78). It is alsointeresting to see that for the
thermophiic and mesophilic homologue theemperature of maximum activity is
very near the thermastability limit of the protein. With the psychrophilic variant
however the temperature of maximum activijecreasessubstantially before the
limits of thermal stability It could bethat in psychropilesadaptation of the active
site leaves it more heat labithan the rest of the protein structure which has been
suggested by chemical denaturation studies, activity assays and malegulamics
simulations (62)(780). Alternativelyother temperature sensitivdactors could be

affecting enzyme reaction rates beyond unfolding of parts ofgfaein structure.
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Figure 1.4: Comparisonbetween thermgtability and activity of 3 alpha amylases isolated from

organisms whicHive at vastly different temperatures.Percentage activitftop) and percentagef
folded protein (bottom) at different temperatures fom | Y& f | 4 Sa theitieimophi® R
Thermobifida fuscain red, mesopHle: pig pancreas in blackand the psychrophile

Pseudoalteomonas haloplanktig blue. Taken fromd().

One way to illstrate how the relativethermostabilities of temperature adapted
proteins vary is to plot temperature dependence curV@d) (see section 3)A
greater height indicatea more thermatable protein at that temperature and
where the values fallbelow the xaxis the protein would beunfolded at that
temperature. Microcalorimetry studies LJS NJF 2 NJY SRylase yenzymedave
shownthat the thermostability curve for the psyclophilic form exhibis reduced

values ofkG Y as shown irFigurel.5. Thetemperature of maximunactivity varies

TNRY

significantly between the temperature adapted enzymes but the temperature of

maximum protein thermostability varies to a much smaller extent (41). At

temperatures around the freezing point of water some catthpted proteins
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exhibit cold deaturation which could mean thattheir range @ thermostability is

narroweras well as shiftedsg).
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Figurel.5: The differences in proteithermostabilitiesof temperatureaR I LJ{i -8niy/lases obtained
from microcalorimetrystudies.The vertical lines mark the temperature of maximtimermostability.
Thermobifida fusca(TFA) in red, mesophile: pig pancreas in black (PPA), and psychrophile
Pseudoalteromonas haloplank({idHA) in blueAdapted from (4L

While a educed thermostabilityand greater low temperaturactivity is seen in the
vast majority of studies into psychrophilic proteins there are still many unknowns.
Lowerthermostability may be a consequence of optimisation for greater flexibility
to attempt to increase activityto offset the slow reaction rates present at low
temperatures (7] Alternativelylower stabilitycould simply be a product of less
selective pessure for high themostability with the enzyme activity improvements

related to other factors than flexibility.

Lowerthermostability may not bedirectly selected fo in psychrophiles but may be
either a consequence of genetic drift due to lack of selective pressurgréater
thermostability or alternatively settive pressure to increasiexibility to attempt

to offset the slow reaction rates present at low temperatures)(71
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1.4.3 Adaptations of psychrophic enzymedo cold conditions

It is thought thatpsychrophiic enzymes are able to maintain greater activity at low
temperatures as they occupy eskstabilised nativestate with a reduced affinity for
binding sulstrate (82). This reduces the energy well betweé&ee enzymeand
substrate-bound enzyme&orms hence decreasing the energy barrier between the
enzymesubstrate complex and the transitiostate (Figure1.6). The reduction in
stabilization of the enzyme sgbrate complex is often achieved in psychrophiles by
an opening up of the active site reg. This mayalso serve tobroaden the

substrate specificity of psychrophilic enzymes.

In psychrophilic proteins, residues around the active site are ofterstéuted for
residues with shorter side chains therefore opening up the active site to easier
entry of sulstrate and release of product56)(82). Other dstant regions that
control changes to the active site shape or access to the active site are often prone
to modification in extremophilic enzyme&T). Local, rather than global, changes in
thermostability allow for increased protein movement in functional regions sthil

having less effect on the overétiermostability of the proteinstructure @0).

Es*  AG*meso

AG* psychro

E+S

E+P

Figurel.6: Comparisorof the energy pathway for an enzyme controlled reactiora mesophilic and
psychrophilic enzymeThe reaction pathway of a mesophile is shown in black and thestag@nt of

weaker sultrate binding evolved in a psychrophilic enzyme shown in bﬁé.represents the
transitionstt G S B'yhR enprgy barriefrom bound enzyme to theransition state. Taken from

(82).
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Many of the interactions within proteins arstrengthenedat low temperatures
making the proteinbecome more rigid and conformational changes more difficult.
To maintain function, psychrophilic proteiase believed tchave evolved increased
flexibility relative to mesophilic proteins through changes in amino acid
composition, loss of some elecsttic interactions and a weahing of
hydrophobic packing7é)(83-84). Increases in moleculatynamics may berucial in
allowing proteins to function efigively at low temperatureq85). Psychrophilic
proteins are often lesstable than their mesophilic hmologuesdue to alack of
sekctive pressure fothermostability and selective pressure for greater activity
(76). Increases in protein flexibility at the expensetloérmostability do however
have limitations as too much loss thiermostability could leado unstableproteins
which unfold too readily wich would be selected agat Whilst the literature
often presentsthermostability and flexibility asnversely related they cannot be
thought of as strictly antagonstic as some mutationsncrease both prperties
(45)(71).

The relativestrength of interactions and the relative contributions of each specific
type of interaction to overall proteithermostability vary with temperature even
without changes in protein sequence84). At lower temperatures the
conformational entropy of molecules is reduced leadingttengthening of ¥n der
Waals forces, ionic bonds and hydrogen bonds. This effect has the potential to
prevent interchange between conformations stacting the protein movement
required for functionality(19)71). For this reason a decrease in ionic interactions
and the replacement of charged amino acids for polar ones is oftem se
psychrophilic proteing76)X84). The specific charged residues which argt fnay
depend on the role of interactions with external solvent and their locations are
usually more dispersed across the protein surface nthim mesophiles or

thermophiles 71).
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Some psychrophilic proteins show an increase in overall protein negative charge
compared with mesophilic homologues which may favour inseeainteraction

with solvent(19)74). Large alterations in surface charges byssitidion of charged
residues have been reported around ligand binding sites in some psychrophilic
proteins includng the NADH binding site of malate dehygemase §6). This could
represent a way of using charge to help direct &axtor or sulstrate to a binding

site. Interactions withstabilizing ions such as metals can be weakened at low

temperaures by orders omagnitude 4).

Psychrophilic proteins also shoether changes in amino acid composition. The
levels of the conformationally sdraining amino acids, proline and the multiple
hydrogen bond forming arginine are decreased in psychrophilic pro{é@g71) A
greater proportion of the amino acid satitutions occur in flexible loop regions and
psychrophilic protein sequences frequently containstdus of multiple flexible
glycine residus which act as hinge regionsl§)(71)(87). The nature of these
changesto protein amino acid composition appears to be the opposite of those
adaptations seen in thermophilic prates (39)(43). Some psychrophiles show
upregulation of many low molecular weight compounds such as carbohydrates,
glycine andcarnitine which are béieved to prevent coldstress damage by helping

to prevent protein denaturationg7).

1.4.4 The hydrophobic effect and coldenaturation

Proteins generally have an amphipathic nature with hydrophobic amino acids in
their interior packing tightly to avoidolvent contact and hydrophilic amino acids on
the protein surface. When a protein unfolds this disrupts the arrangement of water
molecules increasing the entropy of thgsgem. Unfolding is however unfavoured
as the denaturedtate would expose more hydphobic residues to solver{88-89).

The shelding of hydrophobic groups fromvater is termed the hydrophobic efféc

(57). The hydrophobic effect isstrongest at temperatures around room
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temperature weakening both above and below this levéllow temperatures the
structure of water becomes more ordered, forming hexagostalictures and the
arrangement of water molecules at the solvgmbtein interface changeg8)(90)
The favourable entropic effect of dispersal of water molecules then ineso
greater than the enthipic penalty of the hydration of hydrophobic groups by
solvent, pushing the equilibriutowards the unfoldedstate (43(89). Thisunfolding

at low temperatureis termed cold denaturation antthe restrictions it applies to the
temperature range over which proteins can function atay limit life at low

temperatures 25)(71).

Proteins contain a core of hydrophobic residues and an exterior of hydrophilic
residues. Psychrophilic proteins however may contain more exposed hydrophobic
groups and interior polar groups than mesophilic or thermophilic proteiesluBed
levels of hydrophobic packing may allow easier access of watéecumes into
protein clefts 89). Increased numbers of hydrophobic amino acids on the protein
surface gener@s increased entropic dabilization with solvent molecules
reducing the energetic gnalty for solvent hydration57). The hydration of groups
with solvent maycontribute towards psychrophiligrotein flexibility and help
counter the energetic problemsaased by the formation a$trong hydrogen bond
networksin water at low temperatures20). Weakening of the hydrophobic packing
may however, make psychrophilic proteins more susceptible to cold unfolding. This
may restrict the limits of lfe at cold tempeatures and meaningurther shifts in the
functional temperatures of proteins to lower tgueratures may not be possible
(6)(19)(88)Y91). The unfoldedstate produced by coldlenaturation of a protein may

be very different from tha produced by thermajl unfolding d a protein as the

denaturationocaurs due to different effects3g).
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1.4.5 Protein coldadaption is an array of different approaches

Although these trends have been observed across many psychrophilic protein
studies, not all psychrophilic proteingill exhibit eachthe traits discussed (132).

The picturebecomes even more complex in multidomain proteins wheognain
interfaces may vary (994). Overall old adaption of proteinsappears not tobe
achieved bya singlestrategy but an array of different approaches depérglon the
protein concerned41)(71) This has made it very difficult to engineer psychrophilic

properties into mesophilic proteins by tecigues such as rational desigtsy.

All of thesedescribed adaptationsre proposed toboost conformational entropy,
generally reducing proteinthermostability and increasing the flexibility of
psychrophilic proteins(85). The effects are nostrictly antagonstic so not all
mutations that increase flekility also decreaséhermostability. Coldtemperature
adaptation of protein occurs, although not always in ways that would be predicted
from thermophile enzymes (64 A study by Xu et al attempted to improve the
activity of a thermophilic enzyme by mutag each residue to its equivalent residue
present in a psychrophilic varia@5). As expectedwhile many of the mutations
improved activity met also decreasedhermostability however a few of the
mutations increasedhermostability. This may because yzhrophiles rely on a
smaller number of higher specific interactions to maint#i@rmostability while
thermophiles use a more generatabilization of large numbers of interactions
throughout the protein. Some of the mutations increased both thestability and

activity which is desirable for geneticallpgineered enzyme4¥).

As thermostability mechanisms depend on each other in aoperative way it is
often difficult to distinguish the contribution of the different factors such as
electrostatics to changes in proteithermostability (92). For example, formation of
individual salt bridges can interfere with the interactions between protein and
solvent, so can dsabilise a protein. The contribution of salt bridges to protein

thermostability is often dependent on the surrounding residues and the formation
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of electrostatic networks. The presence of lone polar groups can reduce protein
thermostability, however the formation of hydrogen bonds between polar groups
can helpstabilise proteins 95). Electrastatic optimisation also involves removal of
repulsive matching charges as well as introduction of favourable opposite charge
interactions. Astudy of 100 adenylate kinase mutants Bipwell et al has shown

that optimisation of hydrophobic packingald achieve &, as high as 68Cfrom a

wild type T, of 49.6 °C but that to achieveT, values above this required
electrostatic optimisation (53 With thermophiles the evolutionary aim is to
increasethermostability and residues mediating this can be elucidated through
mutational studies. The effect of modifications can be followed by changes in the
SYGKIfL®R 2F LMBGBYR 6B RANBSSEyHRNAEE 27T
evolutionary aims of protein d¢d-adaption are believed to focus on increasing
flexibility so it is more difficult to determine how much individual or sets of
mutations contribute towards achieving that aim. This may be a reason why
comparisondbetweenhomologue have tended to focus dne differences between

mesophilicandthermophilic proteins

1.4.6 Protein folding in coldadapted proteins

With slower movement of molecules and an increase in the cell medium viscosity,
protein folding represents a more complex challenge at reduced temperatures.
Largerproteins generally unfold via sequential unfolding stfuctural domains of
varyingstabilities. Psychrophilic proteins may show far simpler folding landscapes
with fewer intermediates, helping to prevent slow folding or #okling at low
temperatures {4). Thermal unfoldingstdzR A S & -an®/I@ses hhave shown
psychrophilic homologues to exhibit tastate kinetics with a sharp transition
between folded and unfoldedtates whereas mesophilic and thermophilic forms
show multple intemediate transitions(39)91). These simpler folding landscapes
could make unfolding a more reversible pess in psghrophilic proteins (19 The
amount of time required to shift between configurations is significantly increased at

low temperatures so protein folding in psychrophikesjuires specific chaperones
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(96). It has been observed that expressing psychrophilic chaperortesat allows
growth to lower temperatures suggéng that protein folding is a limiting fa@t in

low temperature growth 74).

Psychrophilic proteins may &kiin a greater number of nterchangeable
conformational isomers than mesophilic proteingith multiple states ofvery
similar energy levels separated by small energy barriergure 1.7) (41). Their
folding landscape has a shallower energy minimum so it has been stadgbat

psychrophilic proteins are more susceptible to esadable transient unfoldingdy).

Figurel.7: Folding energy landscapes hypothesised for psychrophiles and thermogtalen from
(16)

1.5Applications of coldadapted proteins

Understanding cold adaptatiorstrategies at the molecular level has wide ranging
biotechnological applications. Low temperatures are often used to inhibit bacterial
growth in food preservation methods like refrigeration. The mechanisms by which
pathogens such akisteriamonocytogenesadapt to these cold conditions could
represent mssible antimicrobial targets98). With regard to farming, the
knowledge gained fronstudying cold adaption could be important for modifying
crops to praect them from cold conditionsgspecially irregard to nitrogemrfixing

legumes(99).
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In the biotechnology indstry a major objective is to increase enzymatic reaction
rates whichcurrently is often achieved usirtygh temperatures and thernsiable
enzymes. This however involves higimergy consumption and high sis.
Alternatively insights obtained into pghrophilic enzyme adaptations could be used
modify current enzymes to increase theidivity at low temperatures. Thisvould
reduce energy csts, increase the ease of setting wgaction vessels and beare
environmentally friendly Z20)(100). Production of washing powder containing
lipases and proteases which function at low temperatures represents a patenti
market for this strategy {9)(101). With regard to environmental issues
psychrophilic enzymes may be able to aid in the breakdown of pollutants in
seawater such as hydrocarbons and phenols found in oil spillages, though results
from this approach remain mixed so fat@2). This may prove vital in protecting
sensitive habitag within the Arctic and Antarctic if exploitation of oil resources is to
occur. Another environmental use nag to optimise lowtemperature cellulge
enzymes to break down plant mattdor biofuel generation(103) Being able to
perform these reactions whiout the energy cets and practicalities of using high
temperature reaction vesselsnay improve the economic viabiyitof biofuel

production(104).

Cold adapted enzymes could also help in thedaitalysis of healabile sulstrates

such as the process @&€moving lactose from milk or where heating would be
undesirable such as chitinase enzymes to tenderise meat or aggato ripen
cheeses (16)05-106). This could also help in organic synthesis where degradation,
side reactions or chirality issues maycoar at higher temperatures (@7)
Psychrophiles possess an array of chaperone proteins tetasgirotein folding at

low temperatures which could be exploited to improve success rates in expressing

proteins thd regularly show midolding (74).

The lowerthermostability of psychrophilic enzymes is usually disadvantageous

however, one of the me&t commonly used psychrojit enzymes, alkaline
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phosphata@e uses this as an advantage. The enzyme alkaline phosphatase removes
the p Q LIK2 aLIKI (S astrarfiddIDNA t& préxerit Sleaved DNAle-
circularising(108) The presence of an active form of this enzyme can feterwith
subsequent reactions butthe low thermostability of psychrphilic alkaline
phosphataseallows it to bedenatured without damaging other pducts in the
reaction mixture Alkaline phosphatase from the Antarctic bacterium TABS5 is

currently commercially expressed i oli cells (D9).

Despite the great potential of psychrophilic proteins in isthial biotechnology, not
enough is yet undetood about how thethermostability and activity of proteins
can be adapted to low temperature for effective rational design approaches to be
easiy conducted(19)X102). Enzymes generated througmutational studies often
have issues withundesirableside rea&tions while use of extremophilic enzymes

generally avoidthis issug101)

1.6 Cold shoclproteins

1.6.1Cold shock proteirstructure and function

At low temperatures transcription and translation rates in protein synthesis can be
limiting factors for growth. One class of proteins with a crucial roldaénadaption

of protein synthesisto temperature reduction is a family of highly conserved
proteinda Ol f f SR (KS O2f R aK2 O -bdrddlPraté&ns(§83a o0/ a L
aa to 73 aa)of the oligonucleotide/oligosaccharidaginding class of protein fold
architectures which have been discovered across alldkings of life(67)(72)110-
112). As thename suggsts Csps are sstantially upregulated in response to a drop

in environmental temperatureLow temperaturesstrengthenhydrogen bondsnd

the secondary structure stabilisation of nucleic acid bases becomesiore
problematic. Csps have been propaseo act as chaperas, binding to single
stranded DNA and RNA molecules preventing formation of seconganctures

which could inhibit thenitiation of translation(98)112). Thestructure of these 7.5
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kDaproteinsis comprised of five highly conservedy G A LJ--dtandstith somé

Cspsalso containing @ A y 3 € S | -hRIKA60)EL PAYL2) The 'structure of CSpA

from E.oli is shown inFigurel.8 (113).These proteins contain twoligonucleotide

binding motifs onstN>} Y R& i H | Y R iich indNiBesata®aficirasidées & 4 K
thought to intercalate DNA or RNA (111)(118)utation of these residues to ma

aromatic residues knocksut both DNAbinding and Csp functiof®7).

Figurel.8: Representative ribbostructure (PDB code 2L15) of the CspA fiBrooli showing the five
i -sheets wrapped around to formfabarrelstructure. Adapted from (13)

In some bacteria including. oli and B. subtilis Csps have been found to like
class of proteindisplayingthe greatest increase in expressioim response to a
shortterm drop intemperature. Cellular &pression of Cspsanreach milimolar
concentrationswhen E. oli is cooledfrom 37 °C to 10 °C comprisingover 10 of
total expressed protein(67). Some Csps are present at lower levels withaut
temperature decrease and could be involved in many o#iegss responses such as
CspD irE. oli which is inducedy a lack of nutriets (114-115) Gspsonly bind to
singlestrandednucleic acid chainsowever multiple Csps may binBNAstrands as
short as 7 nucleotides lond.16). Cspsbind DNA containing a large proportiarf
thymidine residueswith greater affinity as thymidine residuesgive better
interaction with the aromatic residuas the bindirg site (116). The highest affinity

DNA binding sequenagas found to be a sequencd 6-7 thymine bases (I7-118).

The fist Csp to be discovered was tle o©li protein CspA and since then eight

further families of cold shock proteins have been identifiecEinoli designated
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from CspB to CspbB®). Homologues of thé€. ©li Cspshave been discovered in
psychrophiles, mesophiles, halophiles and thermophiles including the
hyperthermophilic bacteriumlhermotoga maritima(67). The prevalence of Csp
proteins across all kingdoms of life segty an early common anstr. The Csp
family of proteins represent a good modelstgm for studying protein temperature
adaption as they are wetitudied, highly conserved and are present in mesophilic

and extremophilic organisms ass all kingdoms of lifg7)(110-111)

1.6.2 The role ofE. oli CspA mMRNA as a thermosensor

Regulation of Csp expression is proposed to occst-fpanscriptionally, mainly at
the mMRNA level. The mRNA Bf oli CspA exhibits two different secdary
structures depending ontemperature which have significantly different
thermostabilities(119) These differencelsavebeen attributed toan unusually long

p @ntranslated regn presentin Csp MRNA&7)(120) Theform of CspAMRNA
present athormal growthtemperatures inE. oliis highly ustablewith a short half

life so does not build up in the c€ll19) When the enviromental temperature is
decreasedproducedCspA mRNA adopts afternate structure with a much lager
half-life which allows far greater levels tfanslation to occurfrom eachmRNA
molecule before it is degraded21) This means thasignificant production of the
CspAprotein only occurs at reduced temperatures allowing thisteyn to serve as a
thermosensor to detecttemperature changes 1@0). The more stable low
temperature CspA mRN#orm can convert into the high temperature form with an
increase in temperature but the high temperature form cannot convert into the low
temperature form.This regulates the rate at which a caldock response can be
initiated (67). Jiang et alinvestigated this system byverexpressingti KS p Q
untranslated regionof CspA (121). Thepund that thiscauses Csp expression to
become constitutive rather than transient andyavea prolonged period of slower

bacterial growthdue to aprolongedcold-shock response.
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1.6.3 The role ofcold shock proteins in regulatingrotein synthesis

CspA fromE. oli has been shown to regulate transciigm of its own mRNA and
hence could form a feedback loop regulating CspA expre$s2a). It hasalsobeen
shown that CsA mRNAcan also affet expression of other Csp&23). Gpsare
proposed toactivate the promoters of coldadaptiongenesand may prevent the
formation of unfavourablesecondarystructures in themRNAof cold adaption
genes henceegulding transcriptionrates(67)(115). Binding of Csps to mRNA could
also block the degradation of mRNA by cellular RNases increasing sapres$
cold-adaption genes @)(124). By these processes the CspA mRNA and Csp can both
detect the change in temperature and induce a change in gene expretsten
Figurel.9).

A study by Hofweber et al suggeted that Csps may dowegulate protein
expression to rduce energy expenditure oprotein productionin times ofstress
(125). They found a general inhibition Bf o©li protein expression in vitro with the
extent of downregulation proportional tohe Csp concentration presentZ8). This
means Csps can serve as a metabolic brake flier dell in response to low
temperature slowing the growth rate oft. oli (126). They also showed
downregulation of translation of an mMRNA encoding chloramphenicol
acetyltransferase implying that the inhibitory effect could work on both
transcription and tanslation providing a double method wfibition (125). As Csps
only bind ssDNA Csps would only bind DNA currently being transcittiedirclear
how specific Csp binding towardsthe promoter regions of certain genes drow
much theprotein downregulation is the product of random Csp bindaftecting all
genes There are common patterns in regulation elemefdr cold adaption genes

but connectiors between these and Csp binding hast beenfound so far(121).
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Figurel.9: E. oli CspA mRNA as a temperature sensbgp: Lack of Csp expression at moderate
temperatures due to ustablemRNA conformation. Middldncrease in Csp expression shortly after
temperature is reduced and its proposed dostream effects an cold adaption genegieneralgenes
not involved in cold adaptiomnd Csp expressioottom: The cold shock respongaay be short
lived as dowstream effects of acclimatisation protein expression may leadepression of Csp

expression in longer periods of decreagethperature. Apects adapted from (13) and (119)

Levels of DNA coiling have been identified as important in the regulation of gene
activity and temperature sensitive alterations in DNA coiling may represent another
method of cold adaption. Soms&udiessuggest this to be a direct #ect and others

that it is mediated through upredation of DNA gyrase enzyme36). Temperature
sensitiveDNA supercoitig may act as a thermosensand changes in supercoiling

could activate some gene promote(423).
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Most cold adaptiongenes are expressed at lower levels at moderate temperatures
and upregulated at low temperatures (13526 genes are upregulated in response
to cold shock inE. oli reducedfrom 25 xC to 10 xC (24). Nucleotide binding
proteins in general show an increased prevalence within psychrophiles due to the
stabilisation of MRNAs at low temperature&4). In the psychrophilic bacterium
Psychrobacter cryopegelBNA, proteinand DNA synthesis ratesere found to
decreaseexponentiallywith decreasing temperaturés3). Many enzymes involved

in energy metabolismvere repressed at low temperatures however thoseolved

in regulatingthe later stages of electron transport chain affittering intermediates

into tri-carboxylic acid cyclewere upregulated to increase metabolic energy

generation(127).

Cspsare only transientlyexpresed with peak Csp expressiat around one hour
after the drop in temperatue (121). Over a longer period ofsustained low
temperature expressionof a second protein clasgermed cold acclimatisation
proteinsis upregulatedand Csp concentrations decreaskhese often exhibit the
ability to alter DNA windingtates such aselicase and gyrase function25f. The
exact nature 6the divide between the tw classes though is ambiguo{@). Some
cold shock proteing®m mesophiles have psychrophitiold accinatisation protein
homologues 123). There are 20 characterised cold acclimatisation proteins found in
Rhizobiaand these have 46 60% homology tcE. ©li Csps. Coldcclimatisation
proteins have been sugged to mediate the decrease in Csppression after a
longer period of colds though factors which affect the way tib®@some reads Csp

MRNAS have also beenggested to mediate this pocess (22)(128).

The function of Csps shows some redundancy so that deletion of some can be
compensated foby the presence of others (56Deletion of multiple Csps genes
however can lead to faite of the cold shock respong#22). It has provedoossible

to initiate a regular cold shock responiseE. oli by sulstituting Cspsrom different

organisms indicating universalityof Csp functioni25-126).
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1.6.4 Eukaryotic Csp homologues

Bacterial Csps incorporate only a singtdd shock domain but in eukaryotes they
are usually seen coupled to regtday domains within proteins1(0). The Csps of
gram negative bacteria have been found to show high levetegfience identity of
around 43% to eukaryotic-box domains including aet of proteins in the major
histocompatibility complex Il (29). Eukaryotic Csps are able to travel between the
nucleus and cytoplasm and nuclear localisation signals have been detected in some
eukaryotic CspsOver 6000 proteins have currently been discovered which contain
the cold shock domain motif (30). The high homology observed shows that the
cold shock domain has been highly conserved for the binding of nucleotides during
evolution and is seen across chaea, eukaryotic and prokaryotic organisms

suggesting an early common anstor (67).

The role of Csps iegulating gene expression givesld-shock and Yox proteinsa
potential therapeutic applicatiorn the prevention of various diseases.sfidy by
Matsumoto et al showed over-expression of CspAould decreasdhe spread of
cancerthrough NRXSMcells withinthe lymph sgtem of mice through inhibition of
protein expressiorf131) A secondtudy applied a contrsting approach using small
interfering A to block expression of Csp gemndsch increasedhe susceptibility
of cancer cells to temperature changes. This was found to disproportionally affect
faster growing tumour cells (132Csps have also been linked to regulatiorthaf
expressiorof growth factors and thephosphorylationstate of ¥box domaindinked
to potential roles in tumour suppression (133rhe reduction in protein expression
mediated by Cspshas also been suggted to have a protective rolexgairst
aggregation mediated neurodenerative diseases the neurons ofmice and may

help preseve the connections betweeneurons(134-135).
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1.7 Objectives

This invstigation aims tostudy how thestructures of psychrophilic proteins have
evolved to address the changes in the relatiggengths of intermolecular
interactions that occur at low temperatures. Fetudies have been performed into
psychrophilic proteins so this research has the potential to provide fascinating new
insights. As the differences between proteins adapted toedgfiit temperatures
involve relatively small numbers of changes then comparing difference in seegienc
and thermostabilities could reveal thestrategies that coléadapted organisms use

to balance proteirdynamicsandthermostability.

This invetigation facuses on members of the cold shock proté@sp)family. Fist

the sequences of different membeof the Csp are compared to see to what extent
they differ and what patterns are present in those adapted to high and low
temperatures. The relativatabilities of the different Csps are assessed to observe
the extent to which thestabilities of the Csps tthermal denaturation chemical
denaturants and mechanical fogs vary between those Csps expressed in
organisms living at different temperatures. A difficulty with previous comparative
studies has been variation in the techniques and buffers used between homologues
but all homologues in thistudy are invstigated using the ame techniques and
buffers. Asextremophilic proteins are optimised to different temperatures it is
investigated how thestabilities vary with temperature and what thteermostability

levels are at the optimal temperature of the $tirganisms.

No previousstudies have compared the eshanical stability of cod-adapted
proteins or evaluated comparisons of different temperature adapted varidnis
this may be achievable using the single molecule technique of AFtMh a
procedure requires the generation of polyproteidsclear mechawgal signature has
been previously observed fora hyperthermophilic Csp variant so it will be
confirmed if a similar signature is present for thgychrotrophic varian{136-137).

To undestand more about the energy barriers Monte Carlo simulations are applied
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to the AFM data.Stopped flow experiments are conducted tdetermine the
differences in folding and unfolding rates between the Cspaxminedifferences
in their energy landscapesThee is also a section detailing a preliminary

characterisation ohow Cspdynamics variewith temperature.

Thesestudies will lelp identify the extent to whicltold-adapted proteingmaintain
their native states but still maintain their function. Areasonabé amount of
literature has been publishedbout how extreme hotdapted hyperthermophilig
proteins are adapted. Thistudy tries to identifymore aboutthe methods that
extreme coldadapted proteins may apply to achietieermostability and activity at

very lowtemperatures which is an area with little published data.
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2. Materials and Methods

2.1 Materials

5SA2YyA&SR 6 GSN) g1 a dzaSR Ay |ff steiNBP(i202¢

Agar was purchased froelford, UK. LB medium in powder form and BusBu
master mix were purchased from Merck, Germany. Antibistacks of carbenicillin

and chloramphenicolwere purchased from Sigma Life SciencegSA Ethidium
bromide, bromophenol blue, magnesium chloriga|cium chloride, DNase, RNase,
ammonium acetate, ammonium persulphate and TEMED werehpged from
Sigma Life Sciences, USRTG, DTT and auto induction media powaesre
purchased from FormediunyK. Agarose and imidazole were purchased from Acros
Organics, Belgium. Vercon powder, Tris, agar, sodium phosphate, sodium chloride,
potassium phosphate, acetic acid, glycerol and SDS were purchased from Fisher
Scientific, USA. 30%w/v) bisacrylamide was purchased from Severn Biotech.
Protease inhibitor pillswere purchased from thermo scientifidJSA. Protein
markers were purchased frormvitrogen UK orBio-Rad USA. Nickel sepharose
resin was purchased from GE healthcare, Swedetant bluestain was purchased

from Expedeon, UK.

All restriction enzymesalkaline phosphatasesticky-end ligase mster mix, Gibson
assembly mster-mix, DNA polymerase and associated buffers were purchased from
New England Biolabs, USA. The DNA markers for agarose gdtsading buffer,
dNTPs and GoTaq polymerase were purchased from Promega, USA. All primers and
synthesised cold shock protein genes were purchased from Eurofins. Plasmid pET3a
was obtained from Dr Toni Hoffmann containi¥gd andMlul restriction sites for
insertion of desired Csp sequencgs=T3a plasmids containing (1ZmCsp}-127

were obtained from Dr Toni Hoffmann for the polyprotein methods. All pET3a
plasmids contained an -Mrminal (Hisy affinity tag for purification, an IPTG
inducible lac operatoand a T7 viral promotor sequence. In addition all polyprotein

sequences contain two steine at the @erminus for AFMstudies.
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Cuvettes were purchased from Sigma Life Scientk$A Snakeskin tubing was
purchased from Thermo ScientifidSA Filterswere purchased from Millipore, UK.
Mini-Prep, MidiPrep and Gel extraction kits were purchased from Qiagen, Germany

or Promega, USA. AFM canties were purchased from Bruker, USA

2.1.1 Cell culture medium andkE. oli strains

All media types used wegerilised using a 1 hourutoclave cycle with heating to a
temperature of120 °C for 20 minutes at 15 psStrile techniques were used in
transfers of media. Lysogeny broth was obtained as a powder but all other media

were made up from individual componen For minimal media see section 2.5

Table2.1: Composition of bacterial growth media us&kmaining volume equates to addition of
deionised water. These numbers presented are per litre but amounts added were scaled to required

volume of media. Segpecific methods for inclusion or absence of antibiotic selection markers.

Media Component Amount g/l
lysogeny broth (LB) bactotryptone 10
Yeast extract 5
NaCl 10
2XTY broth bactotryptone 16
Yeast extract 10
NaCl 5
Super optimal broth with bactotryptone 20
catabolite repression (SOC)

Yeast extract 5
NaCl 10

KCI 0.186

MgSQ 2.467

CloningSrains-E. ©liXL:. £ dzSX {! wO9H FyR 51 ph

Expressiomstrains- E. ©li JM83, BL21(DE3) pLysS and BLR (DE3) pLysS
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2.2 Molecular biology methods

2.2.1 Polymerase chain reaction

Primers were designed using the Invitrogen OligoPerfect design tool.

Table 2.2: PCR primers utilised in PCR DNA amplificatiGitsson assembly primers indicated

separately
Csp primers Length 5b! &aSljdzSyO0S pQ G2
(bp)
PsycrobactePB6 forward 27 GATCCTCGAGCAGCGATAAAGTGGAAG
PsycrobactePB6 reverse 28 GCATACGCGTTTAAATCGCTTCAATCTG
Shiwanelldorward 28 GATCCTCGAGCAACAAAACCACCGGCCT
Shiwanellaeverse 28 GCATACGCGTTTACACCGCCACCACGTT
Thermdoga cassette 1 forward 22 ATCACCATCACCATCACTCGAG
Thermdoga cassette 1 reverse 38 GTGATGGTGACTAGTGTTTCCACCACTTTCACATG!
Thermot@a cassette 5 forward 39 CATCACCATGGGCCCGCCGCGGCAAAGTGAAATGC

Thermdoga cassette 5 reverse 46 ATGGTGATGGACGCGTTTAACAACATTCCACCACTTTCA

PCR mixtures were set up on ice as detailedable5.2 using Phusion or GoTaq
DNA polymerase and subjected to thermal cycling in a Biorad thermocycler as
described inTable5.3. PCR mixtures were performed in triplicate to generate
sufficient DNA for fuher study. The temperature for the annealingtep was

typically 5°C below theT,, value for the primers

Table2.3: Composition of PCR mixtsq@erformed in triplicate.

Component Volume (pl) Final concentration
Sterile water 41.5 -
5 x Colourless buffer 10 1x
dNTP mix (dATP,dCTP,dDTP,dC 1 0.2 mM each dNTP
Upstream primer 1 0.2 uM
Dowrstream primer 1 0.2 uyM
Templatestrand 0.1 -
DNA polymerase 0.4 1.25 yM
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Table2.4: Thermal cycling conditions for PCR amplification.

Stage Temperature {C) Time Cycles
Denaturation 98 2 minutes 1
Denaturation 98 15 seconds

Annealing 5862 30 seconds 28
Extension 72 20 seconds

Final Extension 72 10 minutes 1

Hold 4 - 1

2.2.2 Agarose gel electrophoresis

A 50x stock solution of TAE buffer was prepareith 121 g Tris, 28.55 ml/l glacial
acetic acid, 50 ml 0.5 M EDTA (pH 8.0). Agarose was dissolved into 100 ml 1x TAE
buffer in a 250 ml conical flask by heat. A 1% (w/v) agarose gel was used for analysis
of DNA samples over 1 kbp in size and 2% (w/v) ugeste the analysed DNA was
smaller than 1 kbp. The solution was allowed to cool to around&@nd poured

into a gel tray containing a comb and sides sealed by metal inserts and 6 pl of 10
mg/ml ethidium bromide mixed in to the solution thoroughly withpgpette until

the red colour was no longer visible. The set gels were placed in an electrophoresis

tank and flooded with 1x TAE buffer so the buffer covered the gel.

DNA samples were prepared for loading by the addition »oQél loading buffer
(0.28%6 Wiv) 0.28%6(w/v) xylene cyanol, 40%v(v) sucrose in pD) in a ratio of 5:1
DNA to loading buffer and loaded into wells. 1 kbp and 100 bp markers were loaded
in end lanes to allow DNA sizes to be quantified. The gel was run for 45 minutes at
90 V to allow dér sufficient DNA size separation. Imaging of agarose gels was
performed using a Syngene U.V. transilluminator and the relevant illuminated bands
excised using a scalpel. Extracted gel slices were added tovegpghed 2 ml
Eppendorftube to deduce the massf the gel slice. The DNA contained within each
slice was extracted into 40 pl of tris buffer using a Qiagen gel extraction kit (250)
F2tf26Ay 3 Y Isyudidns. OledediiBeNtton of PNA was determined
spectroscopically by Ay value. A 4 ul saple of the extracted DNA was diluted 1:11
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with 44 ul tris buffer in a 1 cm path length.V:transparentplastic cuvette. The
cuvette was placed in a U:Vis spectroscope and absorbance readings at 230 nm,
280 nm and 320nm used tostblish a baseline. BhAsg value with baseline
subtracted is used to determine the concentration of DNA with g Yalue of 1

equal to 50 g/mL of doublstranded DNA.

2.2.3 Restriction endonuclease digsgtion

Table2.5: Composition of a typical stiction digest mixture used in this invaigation. Restriction

digestion mixes were set up on ice.

Component Volume used (ul)
DNA (PCR or plasmid from mini/mjatiep) 36
10x restriction enzyme buffer NEB4 4.3 (DNA volume/9)
100x Bovine serum albumin solution (10 mg/ml) 0.43 (DNA volume/90)
Upstream restriction enzyme (10,0080,000 units/ml) 1
Dowrstream restriction enzyme (10,0080,000 units/ml) 1

Samples were maintained on ice while components were added and after gentle
mixing, transferred to a 37C shaking incubator at 200 rpm for 2 hoursApél was

one of the restriction enzymes the fat hour of incubation was performed at 2&
before transfer to 37C for the second hour. Where the dged DNA was to serve

as a ‘ector for ligation of a DNA insert a 1:9 ratio of phosphatase buffer was added
to the readion mixture along with 1ul of étarctic phosphatase (5000 units/ml,
NEB). The mixture was incubated for a further 30 minutes dtC3Before enzyme
inactivation utilsing a heating block at 6% for 5 minutes. The diged DNA was

then analysed using agarose gel electrophoresis or purified from the enzymes using

a Qiagen gel extraction kit. All DNA veasred at-20°C in a freezer.

2.2.4 Preparing LB agar plates

A solution was prepared containing 25 g LB medium and 15 g LB agar diluted into 1l

of water. The solution was autoclaved at 120 for 20 minutes at 15 psi and
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allowed to cool to around 48C before addition of 100 mg/ml carbenicillin to a final
concentration of 100 pg/ml. For highestringency plates chloramphenicol (25
pg/ml) and 1% glucose solution were also added. The solution was poured into petri
dishes understerile conditions and plates left for 2 hours for the LB agar to fully
solidify.

2.2.5 Prepang competent cells

Relevant bacteriagtrains were grown in 10énl LB without antibiotic to an optical
density (Olgyo) of 0.4. Cells were pelleted for 10 minutes in a benchtop centrifuge at
4,000 rpm at 4°C, the supernatant removed and the pelletsuspenled in 10ml

100 mM prechilled CaGlAfter 10 minutes on ice the cells were again pelleted and
resuspended in 100 mMterile CaGlwith 30% glycerol. Theells were separated

into 50 mlaliquots andstored at-80°C.

2.2.6 DNA ligation into pEVectors

DNA lgation was performed using a molar ratio o653 of insert to plasmid in a
total volume of 5 ul. This was mixed with an equal volume of N&Bnihsticky-end
ligase mater mix. As a negative control, the same plasmid was used but the insert

was sulstituted with an equivalent volume diterile water.

2.2.7 Transformation of pET vectors int& o©li cells

Competent cells were taken from freezetorage at -80 °C, thawed on ice and
divided into 50 pl aliquots in 1.5 ml microcentrifuge tubEer repetitive sequences
SURE cells were used with addition of 1.7 ul of 1.22bMnercaptoethanol to each
aliquot to improve transformation efficiency. 1.5 pl of ligation mix was added to
each aliquot and swirled while an equivalent 1.5 pl of water was added to a

separate aliquot of cells as a negative control. Samples were incubatex dor 30
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minutes prior to a heashock in a 42C water bath for 30 or 45 seconds depending

on the strain of E. ©li being used. Tubes were returned to ice for 2 minutes before
addition of 750 pl of LB medium. The tubes were placed in a shaking iocdbatl

hour at 37°C. For each sample 100 pl was spread on tehe@ed LB agar plates
supplemented with 100 pg/ml carbenicillin. The remaining solution was spun in a
benchtop centrifuge for 10 minutes at 1000 rpm and 500 ul removed to further
increasecell concentration and a further 100 pl spread. Plates were wrapped with
parafilm and incubated overnight at 3T. Successful transformation of the plasmid
DNA resulted in observable colonies on the LB agar plate and none or far fewer on

the negative conol.

2.2.8 Plasmid DNAxtraction

Three colonies were picked using a pipette tip and added to 10 ml LB media
supplemented with 100 pg/ml carbenicillin and grown overnight a®G7n a 200

rom shaking incubator. Plasmid DNA was extracted using a Qiaggrel or
Promega Wizard SV mibINS LI {1 Al dza A y 3 structions.dzFhe O (i dzZNB NI &
concentration of extracted DNA was ascertained using-Vi¥/spectroscopy of a 1

in 12 dilution of 4 pl of the sample into water. For sequencing a 15 ul DNA sample
was sent dof to Beckman Coulter Genomics with the T7 viral promoter sequence
used for the primer. Returned sequences were analysed using sequence
manipulation suite bioinformatics tools. If greater quantities of DNA were required
for experiments 100 ml overnight ctlires anda Qiagen or Promega midi prep kit
were used asP NJ Y | y dzF Isthictiombl B N & A Y

2.2.9 Gibson assembly reaction

A linearized pET3a plasmid containings#li27) and 127 domains for positions 3, 5
and 7 were obtained from Dr Toni Hoffmann for th@lyprotein corstruction. Insert
DNA cassettes were extended with primers by PCR (section 2.2.1) to add unique

flanking sequences to provide each cassette with specificity for its location within
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the Gibson costruct. 25 ng of pET3R7 vector was combinedwith an
approximately 5 fold molar excess of each of the 3 Csp and 3 127 inserts in a total

volume of 10 pl. This was combined with a 1:1 ratio of Gibsostenanix.

Table2.6: Primers used for the Gibson assembly reaction synthesis ePB8Csp)-127

Csp primers Length DNA sequence
(bp)
Position 2 PB&rward 42 CTGAGCGTGGGCGCGACCATTAGCGATAAAGTGGA
Position 2 PB6 reverse 42 GCTCGCCAGACCAATAACGGTAATCGCTTCAATCTI(
Position 4 PB6 forward 42 GCGCTGAGCGGCACCATTGTGAGCGATAAAGTGGA
Position 4 PB6 reverse 42 CGCCAGGCTACCGGTAATAACAATCGCTTCAATCT(
Position 6 PB6 forward 42 AGCGCGCTGGGCATTGTGACCAGCGATAAAGTGGA
Position 6 PB6 reverse 42 CAGGCTCACACCTGCGGTAATAATCGCTTCAATCT(

The Gibson reaction wasonducted at 50°C for 1 hour. This mix was used to
transform 50ul of NEB cells (section 2.2.7) with super optimal broth with catabolite
repression (SOC) medium stibuted for LB to improve cell yield. The cells were
plated out on to LB agar platesupplemented with carbenicillin and incubated

overnight.

2.2.10 Colony PCR

Strile pipette tips were used to pick each of 24 colonies from the LB agar plates.
Each tip was swirled in 100 pl oftilied water and a referencstreak made out on

to an LB agr plate with 100 pg/ml carbenicillin selection antibiotic. The water
solutions were vortexed to aid resuspension of cells, heated for 4 minutes in a
heating block and centrifuged at 13,300 rpm in a benchtop centrifuge for 12
minutes. A PCR mter mix wasset up containing forward and reverse primers
corresponding to the ugtream and dowstream extents of the insertion region,
dNTPs, Q5 polymerase and Q5 polymerase buffer. 13.4 ul of each colony

resuspension was added to 6.6 pl of the stea mix and sampleput through 28
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PCR cycles (see section 2.2.1). The resulting solutions were combined with loading
buffer and run on an agarose gel (see section 2.2Bsmid DNA of the colonies
containing inserts of the correct size was extracted and purified (seti®®)and

sent to Beckmar©oulter Genomics for sequencing.

2.3 Expression of proteins i&. oli

2.3.1 DNA transformation into expression cells

BL21 [DE3] pLysS, BLR [DE3] pLysS or JIM83 cells were takstoriagmin a80°C
freezer and thawed on icel pl of DNA was added to each sample with an
equivalent volume of water used for the negative control. Transformation was
conducted as per section 2.2.7 with 10 pl and 100 pl samples used to plate on to LB

agar plates supplemented with carbenicillin arbitic.

Table2.7: Plasmid andetl types used over the course of teidy

Protein Use Plasmid E. oli Cellstrain

Csp monomers Molecular biology pEX into pET3a 51 ph

Expression pET3a BL21 (DES3) pLysS
Polyproteins Molecular biology pET3a SURR

(127-PB6 Csp)l27 Gibson assembly pET3a DH® 6b9.
Expression pET3a BLR (DES3) pLysS

MBRPB6 Csp Molecular biology pMAL C5X XL1Blue
Expression pMAL C5X BL21 (DE3) pLysS

2.3.2 Small scale expression trials

Single colonies were picked from th@ansformed plates and added to 10 ml of LB
broth containing 100 pg/ml carbenicillin for overnight incubation with 200 rpm
shaking at 37C. After 18 hours the QB of a 1:4 dilution of the cell culture was

recorded in a U.Wis spectrophotometer agasbha zero reference of LB alone. This
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was used to calculate the volume of culture required to be added to a solution
containing 30 ml LB and 100 pg/ml carbenicillin to give agD 0.1. Cells were
grown at 26°C until an OBy of 0.6-:0.8 and IPTG added # final concentration of 1
mM to indue protein expression (13839) The Ol of a 1ml samplewas
recorded eahb hour for 3 hours and for onevernight sample After measure of
each Olgy valuesamples were centrifuged at 13,000 rpm inenbhtop centriuge

for 1 minute. Thesupernatantwas removed andhe pellet stored in a-20 °C

freezer.

Where the protein content of the whole cell lysate was to be analysed byPAGE,
samples were resuspended with lysis buffer (20 mM Tris, 300 mM NaCl, w25 (
sodium azide, 0.15% (v/v) triton X100, 5 mM imidazole pH8). A volume of 20 pl lysis
buffer was added to the prenduction sample and the volume for the other
samples scaled in proportion to their respective g@¥alues relative to the pre
induction vale (ODyoprd as per equation (2.1) to account for the different cell

densities. Each sample was vortex mixed every 5 minutes for 20 minutes.

/'$ .
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2.3.3 SDPAGE

SDSPAGE gels were used to confirm protein overexpression and to determine the
purity of protein samples after purificatiosteps. A platic gasket was added around

3 edges of an ATTO glass plate and a second glass plate pushed g thgain
gasket with he aid of clips to secure the positioning. Unpolymerised gel solutions
were made as detailed imable2.8 with TEMED the final component to be added.
Upon addition of TEMED to the resolving gel the tube was inverted repeatedly to
thoroughly mix the comporas and the solution poured between the glass plates
up to three quarters of the glass plate height. The remaining volume was filled by
pipetting ofstacking gel over the resolving gel and a comb added to generate wells.

Boundaries between the gel typeseamaintained by the greater density of glycerol
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in the resolving gel. Gels were left for around 5 minutes to set. For overnight
storage the glass plates were wrapped with tissue, soaked with deionised water and

sealed in a zijock bag at £C.

Table 2.8: The compositions of the two sections of an $IASE gel. The volumes shown are

sufficient for making 2 gels.

Component Resolving gel volume (ml)  Stacking gel volume (ml)
30% (/v) Acrylamide; 0.8% (w/v) bis 5.1 0.67
acrylamide
SDshuffer: 3M Tris.HCI, 0.3%wv(V) 5.0 1.24
SDS pH 8.45
Water 3.22 3.05
80% (/v) Glycerol 1.6 0.0
10% (/v) Ammonium persulphate 0.16 0.08
Tetramethylethylenediamine 0.015 0.008
(TEMED)

The gels were rumising a Tridricene bufferwith the reservoir between the gels
filled with cathode buffer (100 mM Tris.HCI, 100 mM Tricine, 0\M?%) (SDS, pH
8.3) and the outer reservoir filled with anode buffer (400 mM Tris.HCI, pH 8.8). Prior
to loading samples were diluted 3:1 with loading d%@ mM Tris.HCI pH 6.8, 100
mM DTT, 2% (v/v) SDS, 0% (/v) bromophenol blue, 10%v/v) glycerol, heated
usinga 100°C heating block for 3 minutes and centrifuged for 2 minutes at 13,300
rpm to remove insoluble components. 4G ul of sample was loaded into each
well flanked by lanes containing 3 pl and D of protein markers as a size
comparisonstandard. Gels wereun at a current of 30 mA initially as the samples
migrated through thestacking gel before being raised to 60 mA until the solvent
front reached the bottom of the gel. Gels were removed from the glass plates and
immersed into a solution of Coomassie blu&eferon USA) or Istantblue
(ExpedeonUSAJstain for at leat 30 minutes. Thatain was replaced with water for

10 minutes before imaging using a white light transilluminator or scanner.
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2.3.4 Small scale Nick& TA purification

Cell pellets generatedybthe small scale protein expression (section 2.3.2) were
resuspended in 1 ml BugBter master mix for 20 minutes (or until no pellet was
visible) with vortexing every 5 minutes. The sample was spun at 13,300 rpm for 10
minutes to remove insoluble compontn 30 | of Nickel NTAepharose in 2
ethanol (GE Healthcare, Sweden) was added to a 1.5 ml tube and mixed with 500 pl
wash buffer(20 mM Tris, 300 mM NacCl, 0.085(w/v) sodium azide). This was
centrifuged at 4,000 rpm for 1 minute and the supernatam@moved. The
supernatant from the cleared cell lysate was added to the pelleted nickel beads,
mixed and left for 15 minutes. The culture was centrifuged at 4,000 rpm for 1
minute and the supernatant removed. The pellet was resuspended with 300 pl
wash bufér, centrifuged for 2 minutes at 4,000 rpm in a benchtop centrifuge and
the supernatant removed. This wasltep was repeated 6 times to elute proteins
which had not bound specifically to the beads. To elute the remaining protein from
the beads 100 pl of ation buffer (20 mM Tris, 300 mM NaCl, 0.0025 (w/v) sodium
azide, 250 mM imidazole pH8) was added, the bead pellet resuspended, centrifuged
for 2 minutes at 6,000 rpm and supernatant kept. This was carried out twice to
ensure all bound protein was elute@he resulting samples including flow through,

elute and sample wassteps were run on SBBAGE by the method shown above.

2.3.5 Large scale expression of fgged vectors

A single colony of expression cells transformed with the plasmid was picked from a
LB agar plate and used to inoculate 150 ml of LB supplemented with 100 pg/ml
carbenicillin. The culture was incubated overnight a®@#avith shaking at 200 rpm.
The following morning this was used to inoculate a series of 10 prehettetsed

2 Iflasks containing 500 nhlB and 100 pg/ul carbenicillin to an §4§of 0.07- 0.10.
Cultures were grown at 28C with shaking at 2000 rpm until an §gof 0.6- 0.8

was reached at which point induction was performed with IPTG at a final
concentration of 1mM.Cultures were grown for a further 18 hours before

harvesting in a Beckman Coulter Avanti centrifuge with a JLA 8.1 rotor. Cells were
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spun at 5,000 rpm for 30 minutes af’@ and pellets collected fatorage at-20 °C.
All glass flasks were disinfectedthwlVircon and centrifuge tubes with Trigene. For

improved yield LB can be sstliuted with 2TY medigTable2.1).

2.4 Purification of hHs-tagged proteins

2.4.1 NiNTA affinity purification of Histagged proteins

Thestages described in section 2.4 werémdrformed within the space of 5 days to
avoid protein degradation. Cell pellets were resuspended in lysis buffer (20 mM Tris,
300 mM NaCl, 0.025(v) sodium azide, 0.15%/¢) triton X100, 5 mM imidazole
pH8) to a volume of 40 ml. PMSF and benzamidirerewadded to final
concentrations of 1 mM and 2 mM respectively along with an Efb8eAprotease
inhibitor tablet. A flake of RNase and DNase was added to the cell suspension,
followed by homogenisation using a glass homogeniser. Cells were broken open
using a celdisruptor at a pressure of 25pki. Large insoluble components were
removed through a 30 min centrifugation at 15,000 rpm in a Beckman Coulter
Avanti centrifuge with a JLA 25.50 rotor and the cleared lysate passed through a

0.45 um filter.

The first purification step was conducted using a 5 histrap FRNicketNTA affinity
column (GE Healthcare, Sweden) and an AKTA pristensyAll buffers used in this
protocol were filtered and degassed using a vacuum pump. lffes and the
column were rurwith water and then the relevant buffer. The-NiTA column wa
washed with water and then 3l lysis buffer (20 mM Tris, 300 mM NacCl, 0.025%
(w/v) sodium azide, 0.15%/¢) triton X100, 5 mM imidazole p8). The sample was
loaded onto the column via amlet line with additional lysis buffer added during
the loading process to givelaadedvolume of 50 ml. Following sample loading 60
ml of wash buffer (20 mM Tris, 300 mM NacCl, 0.025%) sodium azide, 10 mM
imidazole pHB.0) buffer was run through theolumn.Protein remaining bound to

the NENTA column wagluted with using astepped gradient from G 100% of
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elution buffer (20 mM Tris, 300 mM NaCl, 0.025#v] sodium azide, 250 mM
imidazole pHB.0)in 25% increments with 25 ml volume for eastep. Fractions of 3
ml were collected over the gradient and the absorbance at 280 nm of the eluted
solution recorded automatically throughout to select fractions to be pooled for

further analysis.

2.4.2 DNA removal by icexchange chromatography

A Viva Sp concentrator with 3 Ba membrane filter was centrifuged at 4000 rmp
in a bucket centrifuge to reduce the sample volume to 2 ml. This was then
combined with 18 ml low salt buffer (20M sodium phosphate, 50 mM NaCl pH8)
and the process repeated. The sampvas reduced to a volume of 3.5 ml whiwas
loaded via a 5 ml loop oim Q-Trap column (GE Healthcare, Sweden)md®f low

salt buffer was passed through the column with fractions collected and after 40 ml
the NaCl gradient raised linearly from 50 nidvil M NaCl over 160 ml by mixing of
low salt (20 mM sodium phosphate, 50 mM NaCl §Hand high salt (20 mM
sodium phosphate, 1 M NaCl @ buffers. A final 40 ml of high salt buffer was
applied to the column to elute any DNA remaining bound to the moluCollected
fractions were analysed by SIPGE as described in section 2.3.3 and relevant

fractions pooled.

2.4.3 Sizeexclusion chromatography

A Sephadex analytical 75 columvith a bed volumeof 24 ml (GE Healthcare,
Sweden) was equilibrated with wex then buffer (25 mM Tris.HCI, 2 mM DTT, 300
mM NaCl pH8). The volume of pooled fractions was reduced to 3.5 ml using a fresh
concentrating Viva spin column. Protein samples of 3.5 ml were loaded on to the
column via a 5 ml loop. 3 ml fractions were eoted and SDBAGE used to identify

relevant fractions.
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2.4.4 Dialysis and freeze drying

Those fractions found to contain the desired protein were pooled for dialysis.
Samples were not left more than a day at ths$age to prevent protein
precipitation. A length of snakeskin dialysis tubing was soaked in deionised water
and a knot tied in one end. Theamplesolution wasloaded into the tubing with a
further knot tied at the other endand a clip applied at either end. Samples were
dialysed for two periods of 23 hours at 4C withstirring using 5 litres of diilled
water with 2.5 mM ammonium bicarbonate solution. This was followed by a further
two 2 - 3 hr periods of dialysis in ultrapure (miQi) water. The U.\absorbance of
samples was recorded to calculate protein concentration via the -Bastbert law
where A is recorded absorbance, | is cuvette path length and the molar

extinction coefficient of the protein

oneRd! I #1

Sampes were aliquotecand snap frozen a mixture of dry ice and ethanol before
being lyophilised using a Heto Power p23000 freeze {fleermo scientific) over 2

3 days. For the fat purification of each specific proteird.5 mg of protein was
dialysed into 20 mM sodium acde and mass determination performed using-ESI
MS (electrospray ionisation mass spectrometry) by Dr James Ault to verify

production of the correct protein.

2.5 Production of°N labelled proteins for NMR

2.5.1 Making minimal media

The initialstep of making minimal media was production of M9 salts as detailed in
Table2.9 (139. M9 salts contain the onlgource of nitrogen in the media. Where
the protein sample was intended fotMRstudiesN labelled ammonium chloride

was used. After mixing M&lts were autoclaved at 12C for 20 minutes at 15 psi.
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Table2.9: Components for M9 minimal safRemaining volume made up with deionised water. Minimal
media salts were autoclaved at 12€C for 20 minutes at 15psi after mixing. Ammonium chloride

included labelled nitrogef™N. 1 Litre of M9 salts is sufficient for 5 litres of minimal medium.

Component Amount added per litre M9 salts
NaHPQ.7H,0O 64 g
KHPQ, 15 g
NaCl 25¢
PNH,CI 59

100 ml of M9 salts was added to each of 10, 2L flasksnl26f MgSQ@ and CaGl
were resuspended to a 1Mtock and filtersterilised before being added to the M9
media(Table2.9). The solutions were made up to 500 ml with deionised water and
autoclaved at 122C for 20 minutes at 15 psi. Glucose and carbenicillin were added
after autoclaving as detailed ihable2.10. To aid solubilisation of glucose it was
initially resuspeded to a 20% (w/v) solution in 100 ml of deionised water

preheated to 40°C.

Table 2.10: Components for M9 minimal medi&bck solutions of MgSQand CaGlwere filter
sterilised using a 0.45 pl filter.

Stock solution added Final concentration
5 x M9salts 100 ml/500 ml (%) Solutionsterilised autoclaved after
these added
1 M MgSQ 2 mM
1M CagGl 0.1 mM
20% Glucose 4% (w/v) Added Pst-autoclavesterilisation
100mg/ml Carbenicillin 100pug/ml

E. oli BL21 (DE3) p&S cells were transformedith the desired plasmid ah

colonies inoculated into 15 nilB media with 100 pg/ml carbenicillin and incubated
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overnight with shaking at 37C. 3 mbf this culture was seeded into two 200 ml M9
minimal medium cultures and grown overnight under the sarnaditions (138)

This culture was used to inoculate a series of 2 litre glass flasks each containing 500
ml M9 media with antibiotic selection marké€Fable2.1). The culture was grown to

an ORgo of 0.7 before being induced with IPTG to a final concemrabf 1 mM.
Cultures were hanaed the following morning by centrifugation at 5000 rpm using

a Beckman Coulter Avanti centrifuge with a JLA 8.1 rotor. Any protein kept in

solution for more than 1 week had 0.02%V) sodium azide added fetorage.

2.52 Cleavage of PBBspfrom MBRPB6Cspfusion protein

The MBFPB6 fusion protein was expressed and purified (as per section 2.4). The
purified protein was concentrated down to 4 ml in 25 mM Tris.HCI, 2 mM DTT, 300
mM NaCl pH8 buffer and then was incubatedith an excess (0.1 mg) of TEV
protease for 20 min at room temperature and overnight &G4 Complete digsion

was confirmed with an SEFSAGE gel. Theolution was loaded into a Sdp size
exclusion column as per section 2.4.3 and the identity of profmaks analysed

with SDSPAGE before pooling, dialysis and freeze drying.

2.6 Multiple sequence alignment

Sequences were ahgd in the programme Jalviewt40) and alignment performed
using clstalW alignment scores. The colour coding was then perforrbgd
BLOSSUMZ20 score.

2.7 Thermal and chemicaitability assays

2.7.1 Sodium phosphate buffer

To generate 63nM pH7.4 sodium phosphate buffesfock solutions of sodium
monophosphate (0.2M) and sodium diphosphate (0M) were mixed in a ratio of
1.9 monophosphate to 8.1 diphosphate as determined by the Henderson

Hasselbach equation (equation 2.3) where HA is the conjugate acid atite A
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conjugate base. The pH was checked using a pH meter and the solution diluted with
deionised water in a 12.17 rato to reach the correct concentration.

I ¢
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2.7.2 Circular dichroism

Lyophilised protein samples were resuspended in 63 mM sodium phosphate buffer
pH 7.4, filtered through a 0.45 pum filter then concentration atigad by U.V-
absorbance to 0.3 mg/ml. CD spectra were recorded using a Chirascan CD
instrument (Applied Photophysics, UK) with 360 protein sample in a 10 mm
pathlength cuvette(141). Foldingstatus was assessed by measurement of ellipticity
spectra between 19Gm and 280 nm at 4 °C with a 1 nm bandwidth at a rate of 4
s/nm averaged over 3 repeats. Unfolding and refolding of protein samples was
assessed by heating samples to 85 °C for 15 minutes before cooling back to 4 °C

with spectra accumulated at both tempeétaes after 2 minutes equilibration.

Thermal transitions were followed at 5 separate wavelengths: 213 nm, 219 nm,
222.6 nm, 226 nm and 230 nm using a 3 nm bandwidth. The samples were heated
using a 3 °Gtepped gradient with five minutes equilibration aach temperature
before elipticity readings were taken, equating to an average temperature increase
rate of 0.4 °C/min. Temperatures were recorded using an internal probe placed into
one cuvette. Ellipticity agagt temperature airves were plotted in IgoPro Version
6.34(Wavemetrics, USAand fitted using equation 2w¥hereTis temperature (in K

aris the folded signal intensity glthe pre-transition gradient, gthe unfolded signal
intensity and Iy the post-transition baseline gradienigH is the entlalpy change
upon proteinunfolding (in K) andRthe ideal gas castant with a value of 0.00831
kJ/K/mol.

0on €84QY
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2.7.3Using BCM to follow changes inyptophan fluorescence

Chemicallyand thermally induced unfolding transitions (sections 2.7.4 and 2.7.7)

were followed using a PTI spectrofluorimeter (Photon Technology International, UK)

with a Peltier temperature control and LR80 lamp. Fluorescence spectra were
measured in a 1 cm patngth quartz cuvette using an excitation wavelength of

280 nm. Unfolding transitions were followed by measuring the change in the

barycentric medianBCM. TheageyPOSY GNBE 2F YIFaaQ 2F S| OK
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value at a respectivavavelength. Each intensitis multiplied by the respective

wavelength and the sum of these values dividedh®/sum of total intensities.

- B_80_
ond®_ BO

v

The BCM values for each spectrum were plotted agjaitineir respective
temperature or denaturant concentration and the unfolding transition followed by
an increase imgcydue to a shiftto a higher wavelength of the unfolded peak.
SATFSNBYyOSa 06SiGsSSy G(KS NBfFGAGS adzy
L6<0CUO | YR (i KSstams/rearf thadtRessd signal doesonpt ivary
linearly with the fraction of folded protein.HIs is corrected using theelative
quantum yield of the folded state relative to unfolded staf®) as detailedni (142
and equation 2.6
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2.7.4 Thermal transitions followed biryptophan fluorescence

0.1 mg/mL protein samples were resuspended in 63 mM sodium phosphate buffer

pH 7.4. These were equilibrated in a wabath at 7°C for a leat 1 hour. Initial
fluorescence spectra were recorded at a rate ofnfh/s using an excitation

wavelength of 280 nnand emissiorwavelengthsof 320- 380 nm where readings
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were averaged over 2 repeat spectra. Samples were heated asBiC stepped
gradient with four minutes equilibration before each fluorescence spectrum was
recorded, equating to an averagengerature increase rate of 0.2C/min. Thermal

dzy F2 £ RA Y 3 scRazhldy&inkt teBpEratute were fitted to an integrated
+yWid 1 2FF Sldza G§A2y 0SljdzZ G§A2Y HOPTOD v

parameters defined in section 2.4
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2.7.5Specific heat capacity determination

A series of 0.1 mg/mL protein samples were generated in 63 mM sodium phosphate
buffer pH 7.4 at a range of GdnHCI concentrations below thepoidt ([D];2) of
protein unfolding. Each one was put through a thermal denaturation (section 2.7.4)
and fitted with equation 2.7. The equation yields values Tgrand pH of the
unfolding transition for each concentration of denaturant. These data pairs were
used to create qH agairst Ty, plot. A weighted linear fit to thesgH versus T,, data

was used to determine the change in specific heat capacity between folded and

unfoldedstates,n 4.

2.7.6 GibbsHelmholtzequation to generate thermatability dependence

¢ KS @I fGam8ldhe 2véragp values pHand T, across four separate thermal
denaturations in the absence of GdnHCI were inserted into the GlHddsholtz
equation (equation 2.8) using values Bfin 3 °C intervals, to prodeca thermal
stability curve (8)(143).

Oon €qg0 30 p ~ 30 Y Y “Ya é;]
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2.7.7Chemical denaturation curves

Two stock solutions containing 681M phosphate buffer and 63nM phosphate
buffer with 6 M guanidine hydrochloride or urea were combined to prodstoek
solutions between 0 and-8 M at 1 M increments. A Ing/ml sample protein
solution was diluted 1:9 into each solution. Thesecks were then combined to
produce a series of equally spaced denaturant concentrations each containing 0.1
mg/ml protein. Solutions were equilibrated overnight at D and measurements of
each sample were recorded using an excitation wavelength of 280 nm and emission
of 320380 nm at a rate of 1 nm/s. For each spectrum dgeywas calculated as per
(equation 2.5). Chemical equilibrium curves were fitted to a-staie unfolding
model in Igor Proversion 6.34 (Wavemetrics USAusing equation 2.9 (14246)
where ag and ay represent the signal at thetart and end of the run andr and by
represent the rate of change of signal with denaturant concentration in the pre
transitional and pst-transitional baselines. Q is again thedative quantum yieldof

the folded to unfolded stateand R is the ideal gas catant and m is the

dependence ofpG" on the midpoint of protein denaturation.

0on €84dQ0

2.8 Stopped-flow unfolding and refolding kinetics

Protein folding and unfoldig was followed by the use ofstopped flow irstrument
(AppliedPhotophysics UK cooled to 10°C using a Neslab water bath. Unfolding
experiments were performed by combining solutions of 30 uM Csp dissolved in pH
7.4 63 mM phosphate buffer separately in a 1:9 ratio with a series of phosphate
buffer solutions containing different guanidine hydrochétar concentrations. The
concentrations of guanidine hydrochloride used were increased in 0.125 M intervals
between 1.75 M and 4 M GdnHCI. A wider range of guanidine hydrochloride
concentrations (2.256 M with 0.25 M intervals) was used fomCsp. Forefolding
kinetics a solution of 30 uM unfolded Csp in M55dnHCI (or 6M fol mCsp) was
combined in a 1:9 ratio with a series of separate low [GdnHCI] solutiong ().
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Changes in fluorescence were followed at 280 nm. A minimum of 6 unfolding or
refolding traces were obtained for each GdnHcl concentration after exclusion of
erroneous traces which were then averaged. A previously calculated-ttteadf 2

ms was assumed for all traces and was added to each time point. The average
curves for each GdnHECbncentration were fitted to exponential curves in Origin
2015 using a Levenberilarquardt algorithm shown in equation 2.10 for folding
and 2.11 for unfoldingyy isthe fluorescence signal at timte= Q A is the amplitude

of the transition and is timein seconds.
OoReEP A & 0 Q
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The output rate costant k values were plotted agast the concentration of
denaturant [D] to generate a chevron pl(t48). The equations 2.12 and 2.13 were
combined with equation 2.14 to generatequation 2.15. k; represents the rate

constant of proteinfolding andk, the rate corstant of proteinunfolding.
onep da Q Q T
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+ | f dzS @ Vfar 2adll Qsp were obtained from equatidri6.
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Asthe unfolding of Csps is considered tstte, a valuefor m is obtainedfor each
tested protein from the sum of the gradients for the folding and unfolding

deperdences in the chevron plot
Ohepwy a
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The uncertainties in m were determinedy la root mean squared approach in
equations 2.18 and 2.19 where egms error in mvalue of unfolding and erperror

in mvalue of folding
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2.9'H"N HSQ®IMR spectra

'H'N HSQC spectra were acquired with Varian Inova spectrometers with a
cryogenic probe and proton resonance frequency of 600 MHz or 750 Sfixtra

were acquired of samples containing 0.2 mM Csp @5 ml 63 mM sodium
phosphate buffer with % DO and 0.%6 DSS (4.dimethyt4-silapentanel-sulfonic

acid) as an internal shifitandard. Locking and shimming were theerformed and

the 9¢° pulse calibrated. Th&HN HSQC spectra were recorded over a time scale

of 20 minutes. Spectra were taken af@, 1°C, 23°C, 29C and 37C for each Csp.

For readings denoted as including DNA a 1.1 molar ratio of dT7 was added to the
samples. Spectra were processed using Bruker Topspin, NMR pipe and CCPN

analysis software.

2.10Atomic force microscopy

AFM unfoldingexperiments described in the next sections were performed on a
custom built AFM istrument. For each experiment a fresh cantileveas usedand
new calibration performed. The same fluid cell was used throughout all

experiments.
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2.10.1 Preparation of goldurface for AFM

Gold-coated silicon was obtained from I@R®ypus technologiesUSA). Spots of epoxy
glue were added to the surface and a glass cover slip applied after each glue spot
was added. The gold coated silicon was maintained at’C2f@r 2- 3 hours. A fresh

slide was removed from the surface for each experiment.

2.10.2Calibration of the cantilever spring catant

A fresh probe containing 6 Silicon nitride cantilever tips aitihickness of 55 pum
and cantilever lengths between 85 nm and 310 nmenvigted into a fluid cell. An O
ring was inserted to prevent buffer evaporation and the fluid cell inserted into the
AFM head. A laser was targeted on to the tip of the second $agtilever with
fine adjistment performed to maximise the amount ofsler light detected on the

photodiode.

Lyophilised polyprotein samples of 0.1 mg were resuspended in 63 mM buffer to a
concentration of 0.4 mg/ml, filtered and 40 pl applied to a gold cover slip surface
for 30 minutes to allow covalent binding of the $wiéiryl groups in the @rminal

cysteine residues of the polyprotein. Excess buffer was removed and replaced with

fresh buffer to remove unbound polyprotein.

Calibration is performed using the thermal noise methodtfitevised byHutter et
al. (149151). Thermal calibration was performed by the production of a power
spectrum measuring deflections of the cantilever within sodium phosphate buffer
(Figure2.1). A minimum of 5 repeats were performed and then the minima either
side of the fist large resonantpeak were selected to allow ars@mation of the
area under the curve representing the voltage signal obtained from thermal

fluctuations.
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Figure2.1: Typical thermal calibration scan with circle and square markers used to define the
boundary of thefirst resonant peak

The surface was brought into closer contact with the cantilever until a change in
sum value was observed and then thetdnce from the surface optimised to give a
clear approach and baselir{Eigure2.2). The potential difference was set to zero to
centre the laser within the photodetector and corrected back to zero if it drifted
beyond +1. The slope of detected voltage (V) asgfailisplacement(z) gives the

sensitivity of conversion of the cantiler deflection to a voltage (15051)
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Figure2.2: Example of a force agatdisplacement calibration grapifhe sensitivity is determined

between the markers placed on the graph
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The thermal voltage signal was divided by thaltagedisplacement conversion
factor S to give the thermal displacement z. The value of the springtartrk; is
then calculated from equation 2.22 .The spring stant of the cantilever were all

found to be within a constent range of 32 (+ 2.5) pN

on &8 q,g QY gbfxx o

2.10.3Force extension experiments

Unfolding experiments were performed at a series of different pulling velocities of
330 nm/s, 600 nm/s, 1100 nm/s, 2000 nnite polyproteins containing PB6 Csp.
Pulling velocities of 108m/s, 200nm/s, 600 nm/s and 2000 nm/s were used for
TmCsp andBLCsp containing polyproteinsofee-extension tracesvere recorded in

the programme Igor Pro. Foraisplacement curves were recorded with a pushing

force of 1500 pN.

2.10.4Trace slection

Only traces that had a minimum of one dathock protein unfolding everand at

least two 127 events were considered for analysis and those containing large non
specific binding peaks, curved baselines or a larger number of domain unfolding
peaks beyond thenumber present in a single polyprotein were rejected. Traces
fitting these selection criteria were baselined and fit to a wdike chain model by
equation 2.23 where persience lengthp is the stiffness of the polypeptide chain
that approximates to théength of an amino acid, is thecontour length at rupture

andwisthe displacement between the tip and the surfadb?2)
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The change in persence length upon domain unfoldinglf) has been previously

characterised to be 28 nm for 127 events and 23 nm ToiCsp events with a
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persstence length of 0.3®.4 nm. Events for which the WLC fits siantially
differed from these values or traces containing forces in excess of 300 pN were
rejected. All traces has baseline subtracted before force values were taken. For each
unfolding event, the unfolding forcé)) and peak to peak siance (p2p) was
measured for each peak within the trace and the event assigned as either 127 or Csp
unfolding based on the contour length and p2gtdnce. Where noise gave a higher
unfolding force than the WLC fitted peak, the top of the peak was selected rather
than the noise. The 127 and Csp events were separated and the respective pairs of
Fuand p2pvalue for each unfolding event plotted to generate an unfolding force vs
P2P dstance scatterplot ditribution. The median unfolding force and P2P were
then recorded for 127 and Csp. The force and peak to pesifiriies were grouped

into bins of 10 pN and nm respectively and the frequency of events in each bin
generated into tBtograms. A Gaussian curve was fitted to each to confirm a normal
distribution of unfolding forces and p2p separation. Datasets with -@@ussian

distributions were discounted.

Three data sets which contained a minimum of 15 unfolding events for both 127 and
Csp were obtained for each pulling velocity. Each experimental dataset was
performed on a separate day with a fresh cantilever and calibration. Additional
repeats were performé where either insufficient numbers of events had been
obtained or where the median unfolding forces differed by more than 10 pN
between triplicate datasets. The median unfolding forces and p&uiies of the 3
data sets at each pulling velocity were eaged. Average unfolding forces were
plotted agairst the natural logrithm of their respective pulling velocity to generate

a force pulling velocity dependence. These were then fitted with a linear fit.

2.10.5Variable temperature force extensioexperiments

For the variable temperature experiments, a pump was used with tubing placed in
an ice bucket and the flow rate adjied to acquire the desired tengpature (5°C,

10 °Cor 14°Q and without an ice bucket fap H . kh& pump was kept flowing
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throughout the experiment. As before three data sets were taken at each of the 4

pulling velocities with a minimum of 15 Csp unfolding events in each.

2.10.6 Monte Carlo simulations

The unfolding energy landscape is modelled as adtate process as coofming to
the Bell model where each protein domain is either folded or unfolded. In the
model A is attempt frequenc¥g the Boltzmann costant and G(0) the free energy

barrier (Equation 24).

oneda &g Q

The model assumes the folded and unfoldstates are separated by a single energy
barrier controlled by the unfolding rate cetant k, and the mechanical diance
from the foldedstate to the transitionstate (TS) along the reaction eordinate nx,.

In aheteropolyprotein chain howevei KS @I ,casi&, foR1Z7 amd for Csp

are not independent of those for the alternate domain type

Monte Carlosimulations are used to predict the unfolding foraesl000simulated
construct extensionst an individizl £ LJdzf f Ay 3 &LISSR xznd y 3
k, for each type of domain. A randonumber of domains is selected between 3 and

7 for eachprobability simulation The values of temperature, pesténce length,

time step, linker length and the increasa distance upon domain unfolding are
fixed in the simulationgTable 2.11). The values for the spring cstant were
averaged across the 12 experimental repeats for each polyprotein at each
temperature. The simulations assume that domains do not refold under the short
timescale and forces used. Simulations were conducted with a script in Igor Pro at

pulling velodies of 330 nm/s and 2000 nm/s.

79



The sinulations begin with all protein domaindesignated as folded and the
extension per timestep calculated (158 The probability of a domain unfolding is
calculated at a timestep (therefore at a forcef) and then conpared to a number
generated by a random number generator between 0 and 1. It is crucial that a small
time step is selected to avoid probability values signiitbaover 1 occurring (153)

If the probability exceeds the random number then one folded domsideemed

to have unfolded and the length of the chain extended by the difference in folded
and unfolded chain lengths. If the probability is smaller than the random number
calculations is performed again at the next time point when the force will be
increased. The unfolding data proceeds with a value of N of one less each time a
domain unfolds until n@omains remain folding. The unfolding forces derived from
NELISEFGa 2F GKS a/ &AYdz Ixiandki genetallyifed A RSY (A OF

within £ 1 pN when using simulated data for unfolding of 1000 traces.

The median unfolding forces determined using the simulations were then compared

G2 GKS SELISNARYSyGlt e »RaddifelEHp and 27 wefed @ ¢ KS gl
then adjusted to obtain an improved correlation with experimentdta until the

force valuesof 127 and Csp aligned withitl pN for both domains at both pulling

velocities. To obtain upper and lower bounds for each parameter staedard

deviation in unfoldiig forces between the 3 experimental datasets were added or

subtracted from the median unfolding force values at 330 nm/s and 2000 nm/s to

produce the sharpst and shallowst force pulling speed dependences within

experimental uncertainties. These weragan fitted with the Monte Carlo

aAYdzZ FiA2ya (2 20GFAYy (KS xhEK ¥od2achl YR YAYAY
R2YFAYy® ¢KS o O fdzSa 2F Yamikwsfeaveragdd A YdzY | Yy R

to obtain a more reliable €imate of theseparameters.
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Table2.11: Parameters fixed in the Monte Carlo simulations for-Q2p)-127

Parameter Value

Distance between N and-términal of folded Csp 1.4 nm

Distance between N and-términal of folded 127 4.1 nm

Persstence length 0.35 nm

Linker length 2.4 nm

Spring costant k; 31-33 pN/nm (averaged over 12 experiments
Temperature 5, 10, 14, 23 or 3C

Timestep 0.0001s

Pulling velocity 100nm/s or330nm/s and2000 nm/s

Number of molecules to be pulled 1000

Ak, value is a measure of the probability of a protein domain unfolding. It was used
to calculate the value of the activation energy of unfoldir@ "“using a rearranged

Arrhenius equation where A is assigned a valuex1@® (Equation 25).

oneda !'Q
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3 Biophysical characterisation of the monomers

3.1Introduction

Extremophilic proteins can provide many insights into the mechanisms by which
proteins are able to be dynamic wétilmaintaining thermostability. Families of
protein homologues represent ideal candidates fetudying the impact of
temperature adaption as they exhibit high levels of conservation. A common
problem with such comparisons is that the data are often derived from separate
studies which can introduce elements of variation because of the different
techniques and conditions employed. A significant numbestatlies have been
performed regarding the differences between mesophilic and thermophilic protein
homologues but there are vergw that include coleadapted variants. A summa

of some thisis shown in (1B This section focuses on a comparison of the relative
thermostabilities of the family of cold shock proteins (Csps) which represent a
model sygtem due to their small size andelpresence of Csps in organisms living at
a wide range of temperatures. Three caldapted Csps were selected $study the
differences in theirthermostabilities compared with that of an extreme hot
adapted (hyperthermophilic) Csp and temperate (mesophflisp. The comparisons
are made across all the Csps at the ambient temperatures &Cldhd 23C as well

as at the respective temperatures their $toorganisms live at. Thistudy aims to
ascertain how and to what extent ththermostabilities of Csps dd#r between
those evolved to function at high temperatures and those which are evolved to
function at lower temperatures. All of the selected Csp sequences were cloned into

E. oli cells, expressed and purified.

3.1.1The GibbsHelmholtz equation and proteirstability curves

Proteins in general are only marginaligable as thermostability is a balance
0S06SSy (62 7| Bilagd\Be>prodigt bfkehtbdyl@nd deppective
temperature (TnS. Both of these factors are tempdtae dependent and are
related by equation 3.3. Only over a relative short range of temperatures is the
outcome d this sum negative and the protein folded representation of this can
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be given by thermstability curvesWhen Gibbs free energy is expredse terms of
unfolding G~ a more negativeqsG " value indicates a greate¢hermostability at
this temperature and avalue of ¢coqgG " below the xaxis (i.e. positive)means the

protein will unfold at that temperature.

It is possible to directly measure the temperature dependence of pratthilities

using values extracted from fits to equilibrium curves performed at different
temperatures however this igery time consuming. An alternative approach is to

derive a predttion of the fullthermostability temperature dependence profile of a

protein by using the Gibbdelmholtz equation(41) This is derived from the

separate terms of the Gibbs free energy equation as shown belbere T, is the

mid-LI2 Ay G G§SYLISNI G dzNBE 2 TG, the KIgang® In fspeaifzy Fegtt RA y 3
capacity between folded and unfoldestates.nS§, andnH, are the values of entropy
andunfoldingenthalpyrespectivelyat Tp,.

on egd, 30°Y 30 30 Y Y
Oon e84 3Y'Y 3Y 300 EV
on e&qd 30°Y 30 "Yo'Y
y
0On e8d,30"Y O p ~ 30 Y Y Ya &
The Gibbddelmholtz equation (equation 3.4) gives a full projection of the
thermostability of proteins at different temperatures and can allow a comparison of
the different effects of temperature adaption across a range of temperatures
(Figure 3.1) (154) Three main factors can alter the shape and height of the
thermostability curve. Themaximum thermostability is mainly controlled by the
@t dzS 27F Sy i KIH. THe wighFof tdeycdn is Resflyydderntined by
the change in specific heat capacity between folded and unfoktedi S &) addn
the right intercept set byTy,).
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Figure3.1: Thermatability curve for a protein displaying the dependence of Gibbs free energy of
unfolding-pG':U on temperature.Greaterthermostability at a temperature is indicated bygaeater
-nG Y value whilevaluesbelow -nG "= 0 on the graplindicate a temperature at which the protein
would be unfolded. The intercept of the curve witkaxis at the righthand side of the curve is the
mid-point of thermal denaturationT,,,, the equivalentpoint on the lefthand side is the migoint of

cold denaturationT.. Ts is the temperature at which the highst —nGFU is observed.Dotted line

indicates position of §C for a typical protein.

3.1.2 Adaptations of thethermostability curves ofthermophilic proteins

Thermophilic proteins are commonly seen to $table over a wider range of both
higher and lower temperatures than their mesophilic homolog(®8. One thing
which appearsto vary between different homologue comparisons is the extent
which the temperature of maximumthermostability is shifted to higher
temperatures in thermophiles and lower temperatures in calthpted proteins.
Some comparisons show a stdntial shift while others show minimal differences.
A lack of change in the temperature of maximanermostability could be due to

the thermostability profile shape being governed by the same hydrophobic effect.

All thermophilic proteins are characterdeby an increase in the maximum
temperature at which they remaistableT,. In terms othermostability curves this
can be achieved by a number of methods ammarised inFigure3.2 and (15-
156) Onestrategy to increasdy, which is applied by proteins such as thermophilic
RNaseH homologues is an increasenioldingenthalpy which expands the whole
of the thermostability curve profile (18). This is mediated bstronger hydrophobic

packing, increased electtatic interactions and compaction of cavitiés exclude
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water molecules (18). An alternativestrategy employed by thermophilic proteins
including cellulose and RNaseH is a reduction in the change in specific heat capacity
NG (159-161). A nG, reduction actualy reduces the maximunggG " but also
broadens the thermostability profileo higher and lower temperatures making the
proteins less sensitev to temperature changeg161). Homologues of the same
protein family do notgenerallyshow largenG, differencesdue to high levelsof
conserved structure (16Q(162). The final method is to shift the whole
thermostability curve to higher temperaturegrough increasan temperature of
maximum stabilityTs which can be achieved by enpiw changes which reduce the
entropy gainupon protein unfolding Shifts of thethermostability curve to higher
temperatures with no change irunfolding enthalpy or nG, is very rare.
Thermophilic proteins can increask, by evolving through one or ame of the
above approacheand an ideal thermophilic protein has a highl, highTs and low

q1G, (155-156)

| Strategy 1: | Strategy 2:
5 | Increase AH o 4 Decrease AC,
E £
2 2
2 2
© | G
N / )\ B / N
T T D T T T T T T O T T T 1
Temperature (°C) Temperature (°C)
_ 1 Strategy 3: Strategies
© | Increase T, © 1,2and 3
= £
= =
2 | = |
3 2
© o
5 /N 5 /’\
T : ‘ r
Temperature (°C) Temperature (°C)

Figure3.2: Threestrategies employed by evolution to increa3g in thermophilic proteinsBlack

indicates thestandard protein and red after the adaption has been ma8tategy 1 shows a 50%

Ay ONEB IHwS (XKy yr2 GloKtheftémpekayire pf optimunthermostability T.. Stategy 2
involvesstretching of thethermostt 6 A £ A G & OdzNIIS Gavéh nb dhaRge O NIBrpE.S Ay n
Stategy 3 involves a full shift of thinermostability curve to higher temperatures with no other

changes. The graph in the bottom right shows how $ftrategies can be combined to produce a

greater effect. Any headapted protein may use 1, 2 or all 3 of tstrategies but not every

comparison of a temperate and hatdapted homologue will exhibit alls3rategies
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3.1.3Evolution of hermaostability curveparameters

Sudies have used phylogenetic trees and current DNA sequences to attempt to
ascertain what the sequences of ast@l proteins may have been and how they
evolved to be what they are today. Thestudies have yielded intesting
conclusions. Thevolution of RNaseH to increase therstability was proposed to
proceed by sstematic drift where at eactstr 3S (G KS LIHNG 8 & S NE&
fluctuate and are slowly optimised to an ideal solution (34). At each indivslejl

the overallthermostability is increased but the change in each individual parameter
may be favourable or unfavourable. This leads to gradual changes building up
greater thermostability, however the tstory of evolution towards mesophilic and
colder temperatures of RNaseH wasoposed to have proceeded by a more
stepwise manor with large sudden drops tinermostability interspaced by long

periods of little changéFigure3.3).
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effect on T relative to Ancl ("C)
z
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I Thermophilic lineage

3
¥ -1 M " -1 " " " " N
T thermophilus o2 04 08 08 1 %7 o7 o5 03
Thermophilic lineage evolutionary distance evolutionary distance
(substitutions/site) (substitutions/site)

Figure 3.3: Evolution of mesophili@and hyperthermophilic proteingvaluated by extrapolation to
ancestral sequenced.eft: Proposed phylogenetic tree based on extrapolation of current RNaseH
sequences to identify predicted arsteal sequences. middle: How changesq@, (orange),qH
(green) andT; (purple) build up over evolutimary time to produce a gradu@hcrease inTy, in the
evolution of a hyperthermophilic RNase sequence. Right: Losiseahostability occurs in astep-

wise manner over evolutionary time with different combirais of favourable and unfavourable

thermodynamic changes. Adapted from (34)

In various thermetability parameters, opposite trends to those discussed above are
expected in psychrophilic proteins so this would predict a reductiooniolding
enthalpy, narrowing of thehermostability curve and a shift of the curves to lower

temperatures. The picture becomes complicated as psychrophilic pratéihseed
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to maintain thermostability so too much d&abilisation could lead to transient
unfolding This means it cannot be assumed that the atients to the
thermostability curves occurring for coladapted proteins are the opposite of those

for a thermophilic protein.

3.1.4Previousthermostability curvestudies

A study which does include a psyodphilic homologue is a comparison of
homologues of théS y' T & Yafiyla8e (16)(163Figure3.4). Thestudy showed that

I KS NJ sainjfakef flom Thérmobifida fusca(TFA)exhibited a greater

thermostt 6 Af A& | ONR&a | {§-anyaedNionbdsdSaia ( K|y
(PPA, Drosophila melanogster (DMA) The LJ& & O K N -hifylade AfOm h
Pseudoalteromonas haloplankiiaHA) displayed thiowest thermostability across

most of the temperature rangeind remains folded over the smallest range of
temperatures(16)(163. The maximunthermostability giGnax Of the psychrophilic
h-amylase reduced compared to its homoleguand the temperature at which the

maximumthermostability Ts occurs is also reduced. The shapes of the cunae

generally similar suggestiragnly smallqG, differences.

30

AG (kcal mol™)

0 20 40 60 80
Temperature (°C)

Figure3.4: A comparison of the thernstr 0 A f A GamyBade eBzFmedicluding homologues from
the thermophileThermobifida fuscéTFA), mesophilespig pancreas (PPA)rosophila melanogster
(DMA) and psychrophileseudoalteromonas haloplank@HA). Taken from (41)
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A study of temperature adapted ehydrofolatereductases showetiow an extreme
psychrophilic dhydrofolatereductase (DHFR) from the bacteviaritella profunda
which has an optimal growth temperature of less thanx@ has evolved very
different approach(Figure 3.5) (164). The psychrophilic DHFR shows a reduced
change inK S| G Ol QJeldtivei ® vagiants from mesophili€. ©li and
thermophilicThermotoga maritimaA broadening of théhermostability curve from

I NB R dzQgiig tgpicallyhagsocjated with beingsttategy used by thermophilic
proteins to expand theéhermostability curve to higher temperatures yet in this case
a psychrophilic enzyme uses this same approach to expandherenostability

curve to lower temperatures to combat the problem of cold denatima

0 L) L] T I
0 20 40 80 80 100

Temperature (°C)

Figure 3.5: Comparison of the temperature dependence of dihydrofolate reductdsms the
hyperthermophile Thermotoga Maritima(Tm), mesophileE. ©li (Ec)and psychrophileMoritella
profunda(Mp). Taken from (14)

3.1.5Aims

The initial phase of this invgtigation focuses on selecting a family of protein
homologues with variants living at different temperatures. The sequences of
members of the selected cold shock protein (Csp) faamé aligned and analysed to
observe the extent of sequee divergence between the different sequences from
bacteria living at different temperatures and to allow identification of patterns

between the homologues. The Csps were then expresséd @li and purified with
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detail given on optimising theserocedures (sections 2.2.4). Thermostability
parametersare determined allow full stability curves to be generated using the
GibbsHelmholtz equation and the relative th@ostabilitiescompared at a range of
temperatures. Three colddapted Csp variantare considered to see how their
thermostability curves adijst from the mesophilic variant and how they maintain
thermostability at low temperaturesThe thermostabilities relative to the optimal
growth temperatures of their respective organisms are alsosadered.The final
part of the section then examines @spmutantsin anattempt to gain more insight
into the factorsbehind thevery highthermostability of the hyperthermophilic CspB
from Thermotoga MaritimaThe mutants include 8<spvariantwhere additional
electrostatic interactionsare added from the hyperthermophiliEmCsp to increase
its thermostability and2 TmCsp mutants with shorter side chains to reduce
hydrophobic packing. This should provide more detail on how the thermodynamics

of the Csps vary in Csps evolved to function in extreme hot and cold conditions.

3.2Results

3.2.1Selecting and purifying the cold shock protein monomers

The overall aim of thistudy was to invstigate differences in the thermal,
thermodynamic, kinetic and mechanical properties of protein homologues isolated
from psychrophilic, psychrophic, mesophilic and hyperthermophilic organisms. The
protein domains selected fostudy were to ideally be relately small (below 100
amino acids) and have stable folded structure. Proteins have not only evolved
specific traits with regard to temperature as many organisms are also evolved to
extremes of pH (acidophiles, alkaliphiles), high pressure (piezophildshigh salt
conditions (halophiles). Each of these conditions provides their own selective
pressures on the organisms living in them. An organism can be adapted to multiple
extremes such as a thermoacidophile or a psychrohalophile. These types of
adaptions must be carefully considered when selecting different temperature
adapted variants as each of these have their own set of adaptations so this could
interfere in comparisons. Terms such gssychrotrophic, mesophilic and
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thermophilic are often applied to categorize proteins based on the temperature
their source organisms live at, however in reatityermal adaption is a spectrum

with hot and coldadapted proteins adapted to varying extents.

A selection of protein familiesontaining homologues across organisms adapted to
vastly different conditions were selected as potential candidates for comparative
studies including 127, twitchin, ubiquitin, lysozyme and cold shock proteins. The
muscle proteins 127 and twitchin were cpared in species ofbivalves These
organisms contain many muscle proteins with similar amino acid sequences so it
proved difficult to confirmwhich of the sequences were frommologues of the
same protein familyThe changes that mediate thermophilicepnd psychrophilicity

are very small so it is often difficult to singuish between them amh general
genetic variationLysozyme was considered as a candidate protein family as it is an
enzyme so differing activity levels could be tracked to confirm funciamt of the
investigation was to include a mechanical characterisation ande@squsstudies

into the mechanicaktability of lysozyme showed it to be relatively mechanically

weak lysozymevasdiscounted(165).

The family which asselectedisthe cold shock protein family which comprisenall

i -barrel proteins that bind to DNA and RNgection 1.6) The smalkize of Csps
allows comparisons without subunit interactions or ion birgliaffecting the
comparisons (16). Numerous variants of Csp had previously been characterised
including a hyperthermophilic variant froihermotoga maritima(TmCsp) which

was seen tdhave a clear meghanical unfolding signature (1387) Csps are widely
conserved across all kingdoms of life including prokaryotic and eukaryotic variants.
For the eukaryotic variants three bivalve molluscs were consideragrnulg Mya

and Chlamyswhich live at different \ater temperatures (16-469). When aligned,

the sequences between the bivalves were found to very near identical

suggesting that these organisms are adapted at thestsyn level to temperature
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rather than at the protein levglFgure3.6). It was therefore decided to focus on the

prokaryotic Csps.

10 20 30 40 50 80
Latemulalit-71 S@C AS E
Mya/1-71 TE S SN D
Claatys’1-71 TeT SN E

Consensation I

Figure3.6: Alignment of cold shock domain containing proteins from bivabha®rnula(-12 to 3°C)
lives at the coldst temperatures of the three, Mya atg to 6°C) (andChlamyshe highest (0 to 8
°CY167-169). Sequences were obtained from British Antarctic Survey databases. Blue indicates

conserved residues. Bars indicate conservation with yellow representing full conservation

A hyperthermophilic Csp variant originating fronlermaoga maritima has been
previously well characterised (68§170171). Thermdoga maritimais a bacteria
isolated from deep sea thermal vents off the sbaf Italy. Data on cold adapted
Csp variants is sparse although recently detailed analysis has been conducted on a
Csp frompsychrotrophicbacteriaListeria monocytogenessolated from a fridge in
Korea. For thistudy two published sequences of Antarcbacterial Csps from
Psychromonas ingrahaméind PsychrobactePB6 vere selected (1775). Both
have proposedtructures based on bioinformatic modelling approachis select a
third sequence tostudy, the closst cold-adapted homologue to th&hermdoga
Cspsequence was found using the homology search BIOIST(176). Thiswas a
Csp from the Antarctic bacteri&hewanellalivingstonensis (177). Amino acid
sequences were optimised foE. ©li codon preference (sequences shown in

appendix S1)

3.2.2Multiple sequence alignments of Csp sequences

To discover to what extent the sequences of Csps isolated in bacteriag latin
different temperaturesdiffer from each other, a selection of Csp sequences were
aligned in thebioinformatics tool Jalview @D). All the sequences contained

between 66 and 73 amino acids and were aligned using staliv algorithm. The
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alignment inFigure3.7 shows a very high degree of conservation between the Csps

GAUK fFNBS aSOiA2ya o0SAy3 ARSyYylGhisbdet OKAIKE A
regions and those involved in nucleotide binding are particularly highly conserved.

This fits with the theorypf temperature adaptions involving only a small number of

changes and residues with a functionalstructural role being conservedhere is

an increase of the highly flexible amino acid residue glycine in theadzdted

variants with a clster of 3 gycine residues seen in within the lasjdoop in the

Psychrobacter PB6 geence from residues 483. The length of loops was similar

across all Cspudied indicating no adaption in terms of loop lengths. The positions

of hydrophobic residues were gendisahighly conserved with no clear temperature

adaption pattern for either number or size.

adapted
1|0 2|0 C-)‘D 4|0 5|D BP '.’ID
Themiatoga_nrantina/{-66 ---M-REKVKWEFDSKKEYEF I TKRDEGS - DWF VHWEA IEMEGFKTLKEGQVVEFEIQEGK - - KEPRQAAHV KVWE - - - -
Themus_themophilus/1-72 - - -MOKGRWVKWF NAEKGYGF IER-EGDTDOVFVHYTAINAKGFRTLNEGD IVTFDVEPGRNGKGPOAVNYTYVEPARR
Bacillus_caldol yticu s 1-66 - - -MQRGKVKWF NNEKGYGF IEVY-EGGSDVFVHF TAIQGEGFKTLEEGRQEVSFEI VRGN - - RGPQAANVVEKL - - - - -
Bacillus_sublitis_CspB/1-67 - - -MLEGKVKWF NSEKGFGF IEVY-EGQDDVYFVHF SAIQGEGFKTLEEGQAVSFEI VEGN- - REPQAANVTKEA - - - -

Eschedehia_eoli_ CgpA/-F0 MEG KMTG | MKWE NADKGFEGE | TRDDG S KDWFYHF SAIQNDEYKSLDEGOKVEF TIESGA - - KGPAAGNYTSL - - - - -
Salmorella_ Twokinudwa{-71 BS - k| KGN WE HESKGFGF | TREDGS KDY VHESAIQTHEFKTLAEGORVEFEI TNGA - - KERSAANVTAL- - - - -

Hatoarcula_iariswodil 1-64 - - -MANGEMDFFHDTGEYEF I STEDADDDYF FHMEDYGE - - - FPDLEEGEEIEFDIEQAD - - KEFREATNYWRHN - - - - -
Shewanella_livingstonesis/?-70 MEMKTTG LW KKWE MNEDKEGEFEF | TRDPHGEADVEVYHFEREITSEGF KTLAEGQKVEF DVERQGD - - KEPQAANVVAY - - - - -
Frychmbacter PEE-F0 MSD KMEG TMKWE HEAKGEGF | AQDHGGEIDYF AHYSAIAGGEFKTLAEGOKYSEF ILGDGK- - KEFQAEQ I EAL - - - - -

Listera_ionocyogenes-65 - - -MEQGTWKWF NAEKGFGF IER - ENGDDYFWHF SAIQGDEFKSLDEGRAVTFDVEEGR - - - GPOAANVOKA- - - - -
Psychmomoras_ingahanmi-68 MS - KMQG THMKEWENESKSFGFE IEQASGE - PRWEAHFSAISSEGFEKTLAEGQRVERTITRGR - - KEPNAEN WAL - - - - -

dcololoI Consevation _ gy g | mesme 0B Livas | ladm
adapte

Figure3.7: Multiple sequence alignments of different temperature adapted cold shock prdieins
extreme hot adaptedtop) to extreme cold adapted @fitom). The sequences are shown alongside
the secondary structure and RNA binding sites above. The alignmeuiasr coded based on
residue type and homology with deeper blue representing conservation. A measure of the degree of
conservation at each site is indicated by the height and colour of the conservation bar below with
yellow representing greatest conseti@n. The Csp sequences are colour coded by temperature
adaption with Hyperthermophilic (shown ined): Thermdoga maritima (1G6P), Thermophilic
(shown inorangg: Thermus Thermophill(8AOJ)Bacillus caldlyticu@HAX). Mesophilic (shown in
greer): Badllus subtiis (3PF4) E. oli (LMJC),Salmonella typhimuriun{312Z),Halophilic(shown in
olive): Haloarcula marismortuPsychrotrophic studied for this investigatiGtnewanella livinstonesis

and Psychrobacter PE8hown in blue)Psychromonas ingrahanfghown inpurple).
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The positions of the 8 aromatic residues were fully conserved between all the Csp
sequences and this is probably due to them playing a crucial role in the binding of
DNA (Figure 3.7). There were some variations in the specific aromeggidue
present at each position with more of the larger aromatic residues of tryptophan
and tyrosine present in the heidapted CspgTable 3.1). Thismay agree with
theories ofmore specific binding in headapted enzymes and less in celdapted
forms @Gection 1.4.3). Mutation of the aromatic residues to short hydrophobic
residues showed that the aromatic residues are important to both Csp

thermostability and function (178)

The location and nature of charged residues was relatively highly consacvess

the Csps. One of the cleatalifferences was a general trend of increasing numbers
of charged residues in Csp sequences from organisms living at high temperatures
and fewer present in Csps from bacteria living at low temperat(ifegure3.3 and
Teble 3.1). Charged residues are known to mediate increageztmostability
through salt bridges in hot adapted proteins relative to other homologues.
Mutation studies on the thermophilic CsBaCsp derived fronBacillus caldolyticus
and mesophiliLsp shw that the differences ithermostability are controlled by

a very small number of sgbtutions which alter the protein electisiatics (179.
There has been debate as to whether a reduced number of salt bridges in cold
adapted variants is due to lack dadlsctive pressure for their conservation or active
evolutionary pressure to suitute them to increase flexibility. The balance of
positive and negative charges remains similar acrosstn@sps apart from
HaloarculaMarismortu which has far more negativeharges but this is commonly
seen in organisms living in high salt conditiohsICsp shows the greasenumber

of charged residues of thetudied Csps with @articularly high number of lysine

residues.
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Figure3.8: Csp alignment highlighting charged residwéh acidic residues in red and basic residues

in blue. The sequences are ordered in groups frdmperthermophilic shown top to extreme

psychrophile bottomThe positions of the 8 conserved aromagsidues are indicated by arrows.

Table3.1: The number of charged residues present in differ€sps from hyperthermophilic to

extreme psychrophili€sps shown from top to bottom

Species of Csp origin | Residues| Positively | Negatively | Charged Aromatic
charged charged total
Thermdoga maritima 66 13 11 24 8 (5F 1Y 2W)
Thermus thermophillus 73 12 9 21 8 (5F 2Y 1W)
Bacillus caldlyticus 66 8 9 17 8 (6F 1Y 1W)
Bacillussubtiis 66 7 12 19 8 (7F 1W)
Escherichia coli 69 8 8 16 8 (7F 1W)
Salmonellayphimurium 71 10 7 17 8 (7F 1W)
Haloarcula marismortu 64 5 18 23 8 (7TF 1Y)
Shewanella livingfonesis 70 8 9 17 8 (7F 1W)
PsychrobactePB6 69 8 8 16 8 (6F 1Y 1W)
Listeria monocytogenes 65 7 12 19 8 (7F 1W)
Psychromonas ingrahami 68 7 7 14 8 (7TF1W)

s PoavHyY Ty vER AR

ceroaanvola- -

The aligned sequences were generated into a phylogenetic tree to ascertain more

information as to the evolutionary relationship between the C@pgure3.9). The

phylogenetic tree shows a close evolutionary relationship between the thermophilic

adapted proteins which are likely to have maintained more similarity due to the

selective evolutionary pressures of high temperatures. The close relationship
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between hotadapted Csps could be because only a very limited combination of
mutations is capable of producing sufficiethiermostability at high temperatures,
leading to highly conservesltructural regions. The colddapted sequencesere
appear toshow a moe distant evolutionary relationshipLife in the pat was
adapted to live at higher temperatures arsb psychrophiles may have diverged
genetically from each other as they became eatthpted. Diversity between
psychrophiles may be as a result of therengea much wider array of separate
approaches to achieve greater flexibility than greateermostability. Alternatively

a natural drift to lower stabilities may occur in the absence of strong selection
pressure towards greater stabilities. It is very difft to distinguish between these

theories without additional Csp dynamics studies.

l95.80 67.75

88.54 Shewanella_Livingstonesis

[04.80 Psychrobacter_PB8

Figure3.9: Phylogenetic tree of a selection of bacterial Chlog-adapted Csps shown in red and

orange, temperate igreen and colehdapted in blue and purple

Thepercentage homology score across the sequences showed a greater percentage
identity between he coldadapted variants (600% and lower levels between the
cold-adapted Cspand the hyperthermophili@mCsp vaant (5060%) showing that
patterns of conservidon are related to temperatur€Table3.2). This may be related

to earlier life being hetadapted and psychrophilic proteins evolving away from that
(section 1.2) The cold adapted sequences showed high percentage similkarity

each otherdespite the phylogenetic tree sugsfeng a more dstant relationship.
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Table3.2: Percentage sequence identity between the different Csp homologues

TmCsp BLsp SCsp PB6Csp PsCsp
TmCsp -
BLsp 64.2 -
SCsp 60.6 65.2 -
PB6Csp 55.8 56.9 63.8 -
PsCsp 60.3 57.4 65.2 68.1 -

3.2.3Generation of overexpression plasmids foBCsp and 3 colddapted Csps

The sequences for the Csp were synthesise@EX vectors by Eurofin€sps are
known to affectE. oli growth rates and so the Csp sequences had to be transferred
in to an alternate plasmid under tighter regulatory contrg@dETa). Previous
studies haveshown reasonable expression yields fomCsp using a pET3a
expression vector controlled by a T7 virabmoter and a lac operon basedstym

(181). To transferthe Csp sequences from pEX to peT3alyilBCR primersvere

RSaAIYSR gAGK aSOUGA2yWER @ LEXYSRES y2i# NEI Qi /(3KLS

Thesewere used to amplify themount of the Csp DNA preseahd add specific
XholandMlul restNR OG A2y aAdSa NBalLSOGA@Ste |4 GKS
section 2.2). The amplified DNAuld then be seen by clear bands astjover 220

bp on an agarose géfigure3.10).

100bp 100bp
ladder BsCsp PB6 Csp ladder

Sre

Figure 3.10: 1.5% agarose gel showing additiodhaf andMlul restriction sites to Csp sequences by
PCRThe desired product is approximately 220 for each Csp.
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The PCR product waxtracted from theagaose gel and cleaved b¥holand Mlul

to generate sticky ends.h€ same retriction sites were used to cut a pET3a vector
supplied by Dr Toni Hoffmann which contained a hexahistidine tag sequence
upstream of the insertion siteCorrect cleavage of theeetor could be observed by

the corred size of the previoussertwhich was around 1bp in sizg(Figure3.11).
EachCsp DNA sequenceas a separately ligated into cut vectand transformed

into 51 ph  forSamplification. Correctnisertion of the Cspsequences was

verified through sequencing of miprep extracted plasmid.

1kbp  MlulandXhd digest 100 bp

marker of Pet3a vector marker
Size
— —— {—— Cleaved pET3a vecto
L —
1000bp - -- S EEEEEEEEE. <{—— Previous 1 kbp insert
500bp --- I -1 _
250 bp - - - - - @ === == — e memm o s omie e - - e

Figure3.11 Agarose gel displaying products o$trietion digestion of pET3a plasmidontaining
(TmCspZ—IZ?—TmCspIZ? andXholand Mlul. Arrows right illustrate position of cleaved vector and

insert.

3.2.40ptimising expression of the monomers

The sequenceglasmid was transformed into BLZDE3) pisS cells for expression.
Cells containing plasmids with Csp sequences were rgsoMstantially slower than
untransformed equivalenkE. oli cells. The pisS plasmids helps to decrease the
strain of Csp on thé&. oli cells prior to induction as it produces T7 lysozyme which

is an inhibitor of the viral T7 polymerase and so further suppresses endogenous
expression of the Csp . Carbenicillin antibiotic was included in all expression media
as previousstudies had repded frequent losses offmCsp containing plasmids
(179. Initial protein expression trials were conducted at the commonly used
temperature of 37°C, however only very limited levels of protein expression were

seen in the SDS PAGdHSsat the correct mass 8.5 Da(Figure3.12).
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Figure3.12: Expression profile of BL21 DES3 cells transformed with Csp sequences, induced with IPTG
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and incubated at 37C.Arrow indicates expected mas$ Csps (around 8.5 kDa)

Biologically Csps are expressed in response to a drop in temperature but are not
expressed at high levels at the optimal growth temperaturésheir respective
bacteria (11%180) Usingthis information, a lower expression temperature of 25

was trialled in agreement with a method used\Welker et alfor TmCsp expression
(179. This produced a significant improvement in expression of all the Csps which
was highlighted by lysing the cells and performingNNA puldown assaygFigure
3.13). The Csps contain arttdrminal hexalstidine affinity tag to allow binding to
nickel beads while endogenols. oli proteins are removed over multiple wash
steps. The elution fraain bands clearly show a band at aroudDa. While lower
temperatures may further improve expression, these also greatly reduce bacterial
growth rates so a temperature of 2ZEwas used for all Csp expressions. A period of

overnight growth after induction gave more pronounced expression aadtgr cell
yield (Figure3.13).
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Figure3.13: NiNTA puldown assays contsiing expression of Cspat 37°C and 26C.M represents
protein markers, FT represenis oli proteins which did not bind the NNITA beads, W1 and W6 the
solution from the I and 6" washes with buffer respectively and E1/E2 lanes show imidazole
mediated elution of protein bound to the nickel beads. Arrow indicates expected mass of Csps. Top
three graphs show expression of each Csp after 3 hours and bottom graph shows comparision of

expression of PB6 Csp at ZBafter 3 and 18 hours.
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3.3 Purification of monomeric Csps

3.3.1 NiNTA affinity chromatography

Purification of the Csp monomers was performed by a thstgp process (as
detailed in methods 2.4). An AKTA watgtion was used to control flow rates
within columns and SDBAGE (Sodium dodecyl sulphate polyacrylamide gel
electrophoresis) gels used at the end of each purificatstep to identify the
fractions containing oveexpressed protein. 6 litres &. o©li were grown in each
case with IPTG (1mM final concentration) used to induce expre¢$Rh) In the
first purification step of a NWNTA affinity column, nm&i proteins pass through the
column without binding and then after washing away rspecifically bouod
proteins, imidazoles used to elute specifically bound proteins from the Ni beals.
mixture of proteins wagpresent withinthe eluted fractiors but the largest band
observedwasaround 10 kDa which agrees with 8.5 kDa expected for Fsgare

3.14).Selected factions were pooled for dialysis.

=
1500 )
S .=
< 12 150 o
3 S
< i 0w o
500 i
50
Volume (ml)
M FT 4 7 9 11 16 18 20 22 31
75 kDa - | [—— 4|
25 kDa —— -
10 kDa B a—

Figure 3.14: NiNTA affinity purification of PB6 CspTop: Typical elution profile for affinity
purification of Csps using an AKTA prime wtation. The blue line andeft axis represents the
absorbance at 286m and the green line and right axis the concentration of imidazole applied to the
column. Specific fraction numbers are indicated in red. Bottom: Analysis of selected collected
fractions by SDBAGE. Expected Csass 8.5 kDa. FT represents sample which did not bind to the

column diluted 1:19.
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3.3.2 lonexchange chromatography

The pooled fractions from the NNTA affinity column were dialysed into (M salt
buffer (see section 2.4.2). To remove DNA and RNAample was loadedn to a
Resource Q anicaxchange columifFor the need to perform thistep see section
3.4.3). The Csp protein flows thugh the column without binding. ¥en a gradient

of increasing salt concentration mpplied he negatively charged DNremains
bound to the column and is eluted with an increasing gradient of salt (all peaks from
50 ml onwards). An additional 4énl of 1M NaCl is used to ensure all DNA is
removed before further samples are added to the column. While the DNA like the

protein hasstrong absorbance at 280m it does not produce a band on an SDS
PAGE gdFigure3.15)

Azgo (A.U.)

Volume (ml)

M 3 5 7 13 26 30 34 38 42 50 52

M
75 kDa == -
50 kDa «= :
25 kDa -
10 kDA s e <

A\

Figure3.15: lon exchangseparationof PB6 Csp and SIPAGE shwing fractions &ted from a

resource Q columnTop: Blue line and left axis represents the absorbance atr280Green line
represents the Nalomncentration apllied to the column. Elution fractions were 2 ml in size for 40

ml and 3 ml subsequently with fraction numbers indicated on graph. Bottdd&PAGE gel of
selected frations with arrow indicating massf Csps
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3.3.3 Size exclusion chromatography

Relevant fractions were pooled and the volume reduced to 3.5 ml. The sample was

loaded on to a Sup75 skexclusion column (see methods 2.4.Sjnaller molecules

travel more slowly through the column as they can enter holes in the sephadex

NESNJ Y2t SOdz Sa Ol yd<wxi

Sl R&

GKAE S 1

FAG

through the column. This means that molecules are seperated by size with larger

molecules eluted earlier and smaller molecules

later. The elution volume

is

proportional to¢Logo(M;). A clear large peak could be seen and respective fractions

seperated and poole¢Figure3.16)

As (A.U.)
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O V-
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|
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WL L0

Figure3.16: Size exclusion purification of PB6 Csp monomer using a Sup75 cbapnAbsorbance

profile with blue line representing the absorbance at 280. Bottom SD®AGE showing relevant

fractions with arrow indicating Csp expected sizk 8.5 kDa Fractions were 3ml in volume

throughout.
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3.3.4Confirmation of protein identity by MS

To verify that the correct protein sequence had been produced, the atomic mass of
the protein was confirmed with mass spectrometry experiments performed by Dr
James AulfFigure3.17)

100 = 100,
8320.1+0.2Da PsiCsp 8447.0 + 0.5Da PB6 Csp
(8320 Da) (8447 Da)
% 50 % 50
Ol 7750 8000 8250 8500 8750 9000 70750 8000 ”82’50 ‘ 8500 .8750l 9000
Mass (Da) Mass (Da)
100 100
8445.4 £ 0.2Da SICsy 8362.7 £ 0.2Da BsCsp
(8445 Da) (8363 Da)
% 50 % 50

ol $ A | W A 0 o
7000 8000 9000 10000 7000 8000 9000 10000

Mass (Da) Mass (Da)

Figure3.17: Mass spectra of the purified Csps with indicated masses of thestgrggks Observed
mass of the larg&t peak is indicated top left with the predicted mass based on protein sequence

indicated in brackets.

3.4. Biophysical characterisation of thmonomers

3.4.1 CD spectra to confirm folding

For all the Thermostability and mechanical stability measurement®rsistent
buffer containing63 mM sodium phosphate was used. Phosphate buffer was
selected as the pH ofthis buffer is known to resistantagainst temperature
dependent pH changeand previously reported dimerization @d<spin some
buffers does not occur in phosphate buffer (388 concentration of 63nM was
selected for thesodium phosphate buffer as has the same ionistrength as

phogphate buffered saline allowing it to be a good mimic for cell cytoplasm.
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If accurate parameters are to be obtained for ttieermostability of the Csps then
the first step is to confirm that the protein is folded prior to conducting unfolding
experiments. Mis was tsted using circular dichroism spectroscofiy82) Each
protein was diluted to 0.3 mg/ml in 63 mM sodium phosphébtéfer and spectra
recorded between 190 and 280 nm af@. All of the Csp spectra were seen to have
peaks at 200 nm and 225 nmwhich is charactestic of folded Csp (179. An
interesting pattern was that the cold adapted Csps all contained two CD peaks of
similar intensity while the mesophiliBLCsp had a larger peak at 200 nm and a
similar sized peak to the cold adapted forms2&0 nm. This may indicate some
small differences in secondasfructure between the Csps. Todeability of the
Csps to unfold and refold, samples were heated to°85%o denature the protein
and then the protein was seen to fully refold when ttemperature was cooled
down to 4°C(Figure3.18). This implies that correct folding is intrinsic to the protein
sequence without the need for cellular chaperones and that aggregation of the

thermally unfolded protein was minimal.
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Figure3.18: CD spectra between 1#B0 nm validating foldedstate of the Csps and +®lding
capability. To account for the different masses of the proteins and to allow comparison between
data mean residue ellipticity was plotted. Solid line indicates initate at 4 °C, dashed line

represents the Csp after 15 min at 85 and dotted line the Csp after 15 min returned tiC4
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3.4.2 Thermal denaturation followed by change in circular dichroism

It is relatively simple to compare thstabilities of protein homalgues at the same
individual temperature, however the objective of tiseudy is to observe differences
that occur over a range of temperatures. This requires teldishment of values
for three different thermal parameters: the enthalpy of protein unfdlg” H, the
thermal midpoint of unfoldingT,, and the change in specific heat capacity between

folded and unfoldeast: G S n

Protein unfolding transitions can be followed by increasing the temperature of a
Csp sample and monitoring loss of a folgedtein signal. As a folded or unfolded
protein is heated the relative rotation of left and right circularly polarised light
(ellipticity signal) or fluorescence signal, chasgea linear fashion. This produces
clear folded and unfolded protein baselinedsing circular dichroism, unfolding
transitions of proteins can be followed by a large change in ellipticity at 222.6 nm as
secondarystructure elements are k&t upon unfolding. Heating Csp at a &tamt

rate of temperature increase gives a highly reproible unfolding profile as shown

in Figure3.19.
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Figure3.19: An w@erlay of 5 repeats of thermalnfolding ofBELsp followed by circular dichroism at

222.6 nm in 63nM sodium phosphate buffer.
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During heating the protein sample can be broken down in toBstituent parts:
the fraction of the protein tlat remains in the folded formH and the fraction of
the protein which has already unfoldetl)(at a particular temperature. These can
then be expressed in terms of the total protein and in terms of #wgiilibrium

constant (Equations 3.5, 3.6 and 3.7)
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The observed fluorescence signal can be broken down in to the fraction of folded
and unfolded protein present and their relative fluorescence intensitgesnd S,
are the fluorescence or ellipticity intensities of the fully folded and unfolsiades

respectively Trepresents temperature (in)K
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As the pretransition and pat-transition baselines are not flat, a correction factor is

added to approximate théolded and unfolded signal where & the folded signal,
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br the pretransition gradient,ay the unfolded signal andb, the post-transition

baseline gradient (Equation 3.14)
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3.4.3DNA contamination issues and usingetparycentric median

CD thermal denaturation experiments monitor the loss of protein secondary
structure upon unfolding while tryptophan fluorescenstudies monitor loss of
tertiary structure during the same prass. If the unfolding transition is twatate as
previously indicated by CD and DSadiesin the literature (170-180) then these

two processes should occur concurrently giving closely matched valugsfodm

both techniques. There have been limitstlidies predictinga folding intermediate

for Csp (114 The initial results obtained for the Csps by tryptophan fluorescence
were around 3°C lower than the values obtained by CD. This difference was
observed even though the rates of temperature increaséadth techniques were
optimised to be equivalent with the aid of a temperature probe. Ontabte aspect
was some curvature present within the prensitional baseline of the fluorescence
profiles. Csps bind to singlstranded DNA or RNA as part of thdiiological
function. DNA and RNA also have a significanbriiscence signal it could be
deviation from linearity in the préransition baseline was as a result of DNA

dissociation. The samples were therefaestedfor polynucleotide contamination.

The samples were found to have andy.goratio of 1.1- 1.2 which suggsted that a
significant level of DNA or RNA contamination was present. DNA and RNA give a
strong fluorescence signal at 280 nm and so if present within the Csp sample could
distort the observedT, value. The concentrations of protein sample for each
experiment were also calculated based on spectroscopic values so any U.V. active
contaminant could cause a discrepancy between the perceived and actual Csp

concentrations. Attempts we made to remove the nucleotide contamination by
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binding the protein to a NNTA affinity column and using a pulse of 2 M NaCl. A
secondstrategy involved unfolding the Csps in 8 M urea and then refolding the
protein by dialysis into fresh buffer to allowfolding of the Csp samples. Neither of
these methods proved effective so an additional -excthange step was
incorporated into the purificatiorstrategy and this was found to decrease the levels
of DNA/RNA contaminant to belovwy@w/w .

The monitoring 6 protein unfolding using fluorimetry is typically followed by

exciting tryptophan residues with light at a specific wavelength and then measuring

how the fluorescence signal at a single emission wavelength changes with
temperature. This gives linear chagyfor the folded and unfolded variants with a

large change in signal around the protein unfolding transition. Fluorescence values

at a single wavelength are however fairly susceptible to noise. To avoidathis
alternativefluorescence measurean beusB OF £ £t SR G KS o0osWNB OSY (i NR O
<gcm Utilises the intensity values from a whole range of wavelengths (in this case

320 nm to 380 nm) rather than one individual wavelength, averaging out

instrument noise. When the protein unfolds the fluorescenpeak shifts in

gl @SEtSYyaidK YR (GKA& Ol gbo 8§ KE2 BBr@az8iR 2 e < OKI
fluorescence curve is calculated by multiplying each wavelength by the respective

signal intensity at that wavelength and then dividing the sum of these rmusby

0KS adzy 27F Ay i SfdsiaivavsiengfigeréndichMdpraseritsithe ¢ <
WOSYIUNBE 2F YlILaaQ 2F SIFOK Ffd2NBEaOSyOS Odz2NBS
value agaist increasing temperature or denaturant concentration allows the

trangtion from folded to unfolded protein to be followed as solvent exposure of the

tryptophan changegFigure3.20). As the method cancels out signal intensity it is

less susceptible to small differences in protein concentratibine extent of the

change in<gcw during protein unfolding varied between the Csps due to the

different number of tryptophan residues in each protein. A larger number of

tryptophan residues give a more defined transition fom’ & LJgc@ 3 k3 nm)

relative to PB6 Cspp&scm= 0.6nm).
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Figure3.20:Fluaescencespectra ofBLsp from &Cto 82xCin 63mM sodium phosphate bufferAt

7 XxC shown dark green and &2 shown dark redA clear shift to higher wavelengths can be seen as
protein unfolding occurs. The insegftiop right) showghe changes followed at a single wavelength
FYR 602002Y NABRINM- 3g0nMh agaist tampératiBe. <

The equations for the fitting of denaturation curves rely on both folded and
unfolded states contributing equally to the fluorescence signal. This is however
rarely the case and such differences can be seen in the relative signal heights of the
folded (green) and unfolded (red) curves f&<Csp in Figure 3.20. If the
fluorescence intensity athe unfoldedstate is sulstantially different to that of the
folded state this dstorts the perceived value of the mygbint T,,. To compensate

for this, a correction factor called Q is applied which scales the contribution of the
fluorescence intensity ofhe folded state to be equivalent to that of the unfolded

state (see methods 2.7.3).

3.4.4 Thermal denaturation values obtained by circular dichroism and

fluorescence

Thermal denaturationstudies were then conducted on Csps which had been
through the extra DNA purificatiostep (Figure3.21) and the transitions fitted to
equation 2.7. These showed that the valuesTgfobtained by thermal unfolding
Y2YAG2NBR 0 8w @ KllosestScedatd agreed with theT,, values

109



extracted from CD ellipticity data (se€able 3.3 for T, values). The values

conformed within 1°C for all Csps apart frofmCsp where the differenceas 1.7

°C. With TmCsp the larger differences appear to be caused difficulties in

establishing a reliable mitransitional baseline as th&, is relatively close to the

maximum working temperature of the struments. The agreement between the

secondary structure unfolding reported by CD values and tertiasyructure

unfolding reported by fluorescence values nagreeswith the literature theory of

Csp unfolding being a simple tvatate process.
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Figure3.21: Thermhunfolding of Csps using €Dy’ R
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Table 3.3: Comparison oftabilities between diffeent Csps determined by CD ang/dtophan
fluorescence in 6&81M sodium phosphate buffeErrors derive from thatandard deviation of the fit

obtained values between repeats

Circular dichroism Trp fluorescence (corrected ReportedT,, values
<BCM32680)
n 7Y (karmol) T,0x/ 0 n FY(kImol) T, 00X/ 0 T.0x/ 0 NBTS
PsCsp -159+ 9 46.1+£0.5 -155+4 456 £ 0.6 -
PB6 Csp -146+ 6 43.2+0.6 -150 £ 4 42.8+0.4 -
SCsp -166+ 6 49.7+04 -171+ 5 50.1+0.7 -
BLsp -175+5 52.5+0.6 -181+6 52.3+0.3 50.3(15352.9 (16653.4 (171

53.6 (17953.4 (183) 53.8 (18-

TmCsp  -223+18 80.2+0.8 271+ 4 81.9+0.9 85 (166)81.1 (17082.0 (17)

As well as the thermal migoint T, Equation 2.7 also outputs a valueqafl for the
unfolding transition which describes how sharp the transitionTiee Csp derived
from Thermdoga maritima (TmCsp) showed a significapthreater enthalpy of
unfolding of -223 kI/mol than the mesophili8LCsp at-174.8 K/mol and a greater
Tm value of 80.2C compared to 52.5C (se€eTable3.3). This conformed closely to
data from previousstudies andsmall differences would be expected agesult of
differences in the buffers used and the presence or absence of alfisti@dine tag.
TmCsp isstable to higher temperatures than the other Cspsid unfolds with a
sharper transition rhore negativeqH). This isstriking considering how similar the
sequences and overafitructures are to each other. Atudy by Motono et al
suggested additiond stabilisation of the @erminus which is the section of the Csps
where unfolding initiates in the other Cs|f$85. Between the Csps the relative

unfoldingenthalpies andl, values appear very closely coupled.

All of the coldadapted Csps showed a reducédermostability relative to the
mesophilic Csp and less sharp unfolding transitifess negativegH values) The
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reductions inthermostability were small however compared to the differences
between BLCsp andTmCsp. PB6 Csp showed the latgeeduction inT,, value to
around 9°C below that ofBELsp. One surprising aspect was tifsiCsp derived
from Psychromonas ingrahamwhich is the Csp sequence from the bacterium
adapted to the lowst optimum growth temper#ure of thosestudied, actually has

a higherT, value than that of the psychrotroph PB6 Csp.

3.4.5 Determination of the change in specific heat capacity upon unfolding

The third parameter required to determine the temperature dependence of protein

thermostt 6 Af AG& A& GKS OKIF y 3§ betwgen folddd @idFA O KSI
unfoldedstates. The amount of energy required to heat an unfolded protein &g 1

is much higher than that of the foldedtate due increase@xposure of amino acid

residues to solvenwhich are buried in the folded proteirAs protein homologues

have very similar sizes and compactness of foldingcture they are likely to have

aA YAG valNds(h62p My c 0 @ / KFy3AS Ay G cale@tessverd KSI G Ol |
strongly to the changén solvent exposed surface area upon unfolding. The change

in surface area upon unfolding is also related to protein size. This may mean that
aYlFftSNI LINPGSAY A I GXaludspilirty bréaddhedmostdbiltyS a Y I £ £ S NJ
curves. This can allow smploteins which generally have lowstabilities to more

easily maintairthermostability at high and low temperatures (186).

A comparison of 6 different thermophilic proteins with their mesophilic homologue

presented byH. Zhodt K2 4 SR Ay Fff ¢ OICA183. Aredubdd RdzZOSR @I
NG in hyperthermophilic proteins increaség, by widening thermstability curves

(150 6 4SS aSOUA2Y o dHiPbeledrd © KeSdueRGmaMBriaic&s Ay n

of residualstructure in the unfoldedstate which reduceshe entropic benefits of

unfolding (159. The degree of extension of unfolded proteins may depend on

electrostatics, where an increase in matching charges and polar groups in

thermophiles leads to increased regidn giving a more extended conformation

GMycUO® ¢ KSG \alds fiob ddshdagterl prpteins is more variable with
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some showing larger values than their mesophilic homologues and others lower

values (see section 3.1.4).

+ I £ dzS@ cal Be optained directly through the differences in the amount of
energy required to heat folded and unfolded protein through differential scanning
calorimetry (DSC)Yhese involve the heating of protein samples at astamt rate
and observation of the raount of energy needed to perform this heating. The
difference in the amount of energy required to heat the foldgdte and unfolded
state by 1° NI LINE, d1&exe Gait beyproblems irs@blishing correct baselines

in DSC runs leay to large fluctutions in observeghG, values (188). This is usually

minimised through repeats and by conducting experiments at a range of pH levels.

Ly FEOSNY I GAGS Y& byndmtoringihe dependehce @Htiahd G S
Tmn on each other when the proteins are stabilised using denaturants or pHhis is
because change in specific heat capacity is also the dependencefolding
enthalpypH on the thermal midpoint T,, when a protein is thermally unfolded. It is
possible todetermine this through dstabilising the protein by adding chemical
denaturants such as guanidine hydrochloride or urea which decrease both the
values ofn | and T, obtained by protein thermal denaturation. The extent of
destabilisation becomes more severas the concentration of denaturant is
increased. Performing thermal denaturation on protein samples in a series of
RAFFSNEBY (G RSyl ddzN) yi 02y OSaydirNiord whiclid@ 3I A O3S
linear plot ofnH agairst Ty, can be produced. The gradieatT G KA & QJAh2 G 3IA D
range of denaturant concentrations used stibe selected carefully for each Csp as
with concentrations too near or above the denaturant mapidint [D}/, of the Csp it
is not possible to gablish an accurate pransitional basline for accurate fitting
of the thermal curves. Within this sriction the larget spread of denaturant
concentrations were used to obtain the mioreliable gradient. The thermal
unfolding data with different denaturant concentrations is shownFigure 3.22
with the fitting to equation 2.7 used to extragiH and T, for each curveThe plot
dzaAy3 (GKS&S @lisfshisSmdirFigug3. 28601 Ay n
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3.4.6 Comparingthtermostability parameters between the Csps

¢KS 200l Ay SRG ad gre®tifor PB6NCspnand lowe for the
hyperthermophilicTm/ & LJ® ¢ KS RA T T SN ywalubsiare aeaiivelys S y
small(Table3.4 andFigure3.24, right) which may be due to the highly similar 3D
stNHzO i dzNB dbarl3. The &alde iG, or 3.9 + 0.1 B/mol/Kis slightly below

that of 4.5 £ 0.5kJ/mol/K reported experimentally bWassenberg et aby DSC
although the data they used for fittingG, contained sulstantial variation (17} It

does however agree with changes in accessible surface area projections based on
data from other proteins (186)ThisstdzZR& &aK2gSR || @SN&fod Y  f
TmCsp relative tdLCspwhile a previous comparison hatdiggeted an increase. In

the comparison howeveBLsp andTm’ a L, v@ues were obtained by different
techniques. The value farmCsp was obtained from a fit to DSC data though there

was a large ernovalue of that fit.

Table3.4: Thermgtability parameters for the CspBrrors inT,, andnH are thestandard deviation

0SG6SSy NBLISI Galeriveyrén uSdddidtidin the yveighted linepH agairst T, fits

Name Category T (°C) nHY (kJ/mol) NG, (kI/mol/K)
PsCsp Psychrophile 45.3+ 0.6 -155+ 4 4.15+0.25
PB6Csp  Psychrotroph 428+ 0.4 -150+ 4 4.31+£0.42

SCsp Psychrotroph 50.1+ 0.7 -170£5 4.02 £0.31

B<Lsp Mesophile 52.3+0.3 -181 +6 4.08 £0.15

TmCsp Thermophile 81.9 +0.9 2714 3.86 £0.16
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Figure 3.24Comparisorof thermostability parameters between the Csps. Values taken from

fluorescence data

3.4.7 Thermatability temperature dependence curves

The thermostabilityparametersof gH, T, and qiG, and their associated errorgor

each Cspare inserted into equation 2.8 and this used to generated@mperature
dependence curves efG " for each CsgiFigure3.25). TheT,, parameterindicates
the temperature at which the curve intercepts theaxison the high temperature

side. The width and height of the curves are determinedtyh gHandqiG,.

Thethermostability of proteins follows a beihaped pattern shape mainly due the
temperature dependence of the hydrophobic effect. Typicdly proteins this
centres aromd an optimum of around 18Cwhich is alsdrue for the Cspg53). The
points at which the line crosses zero represent the limits of protieémmostability.
At higrer temperatures this is the point of thermal denaturation where molecules
have more kinetic energy so there is an incexhpreference for unfolding (193At
low temperatures the limit othermostability is the point of colalenaturation. As
temperature cecreases, water adopts a more orderstucture which increases the
magnitude of the thermodynamically favourable gain in entropy occurring upon
protein unfolding. In this case the highly ordered arrangement of water molecules is
disrupted by unfolding ofhe protein. Cold denaturation is however generally very
difficult to observe as it usually only occurs at temperatures belber freezing
point of water (189.
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The error bars on the thernstability curves are very narrow at the high
temperature side aghis is costrained by the value off,, which can be well
characterised. The point ahterception on the cold sidéowevershows a larger
uncertainty as it derived on a projection based on the output of the Gibbs
Helmholtz equation. It is not possible tefiorm experiments under 8C without

the addition of salts or pressure which would further complicate analysis and place

the protein under highly nomative conditions.
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Figure 3.25: Thermostability profile for the Csps im@8 sodium phosphate buffeterived from the
GibbsHelmholtz equationAll profiles show TmCsp in red and BsCsp in green and include in addition
PsiCsp (purple) top left, PB6 Csp (blue) top right and SICsp (cyan) bottom left. Shaded region shows

the uncertainty in the Gibbklelmholtzequation projections.

The Csp temperature dependend¢€igure3.25 showsthe hyperthermophilicCsp
variant TmCsp is morestable than the other Csps across the range of temperatures

includingsub-zero temperaturesWhile ot-adapted proteins are morstable than
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temperate or coldadapted at hightemperatures a common misconception
regarding extremophilic proteins is thauivalentlycold-adapted proteins would

be more thermostable at lower temperaturesln fact what is seen heres that

TmCsp isstill more thermostableat low temperaturesand remairs folded to lower
temperaturesthan the cold adapted Csp vanig (16)(41) Similar findings have

been reported for2 § KSNJ LINR G SAY Tainaket KfiGute 18O K (K S
greater thermostability of TmCsp optimisesit to remain folded at the high
temperatures at whichThermotoga maritimaives but would potentially make it

too rigid to function at more mderate temperaturesin a biotechnology context it

may also show why thermophilic proteins are easier to use and store while the

conditionspsychrophilic proteins are storeat must be carefully considered.

The relativeT,, value of TmCsp isaround 30 xC above that oBLsp however the
temperatures at whichTmCsp is most stable at (termem) is only7.5 xC greater
than BLsp(Table 3.5). This mirrors findings fosther honmologue comparisons
(41)(153)(16% The thermostability curvef the coldadapted Cspsid not exhibit a
significant coldtemperature shift as thd valuesof between 9.9°Cand 10.7°C for

the coldadapted Csps were very close to fhef the mesophilicBLsp at 1@ °C.

Table 3.5: Maximurthermostability parameters for the Csps in 63 mM sodium phosphaiéer

Csp Name  Temperature adaption NGhax (kJ/mol) T, (°C)
PsCsp Psychrophile -8.8 10.3
PB6Csp Psychrotroph -7.9 9.9
SCsp Psychrotroph -9.9 10.7
B<Lsp Mesophile -11.8 10.9
TmCsp Thermophile -25.1 18.4
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The cold adapted Csps shomly modest decreases in maximurthermostability
NGnax relative to the mesophili®3<LCsp with a 33% reduction for PB6 Csp, 26% for
PsCsp and only 16% f@&Csp(Table3.5). This may be because of the need to
maintainthermostability as @irther destabilisation couldead to transient unfolding

of the Csp which would be selected agaithrough evolution.Another factor is

that destabilisation of coleadapted proteins also reduces the range of
temperatures over which the proteins remastable suggesting a reason that many
psychrophilic organisms can only survive in a narrow range of growth temperatures.
This may make psychrophildsghly susceptible to changes in environmental
temperature which potentially presents a real risk to psygmtic organisms in the

future from global warming.

Of the Csps studieBsCsp derives from the bacteria with the lowegitimal growth
temperatureand also lowest minimal growth temperature €f2 °C soPsCsp may

be expected to shovthe lowest thermostability. In terms of bot | EA Y &Y n
value andT,, PB6 Csp was found to be least thermostable. In sequence terens th
number of charged residues khownto be significantin temperature adaptation
and indeed in this cadesCsp has the feast charged residue@able 3.). Another
factor in cold adaption is the number and positiof glycne residues as glycine only
contains a hydrogen atoras a variable group so is highly flexiblee sequence of
PB6 Csp though contains a cluster afdacent glycine residues so this region may
serve a flexible hinge region plaga significant role in the lowahermostability of
PB6 Csp (87

3.4.8Which parametersare important in the thermostability differences between

the Csps?

Thethermostability curves of the Csps show very different value$,pdnd goGax
despite the overall topology dhe Csp being conserve&ection3.1.2showed how

thermostability curve profiles of extremophilic proteins can adapt throaglanges
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to Ts, NG andn | (see figure3.2). TheTsvalues of the Cspsra within 9 °C for all
Csps despite the very different, values.A lower nG, value can expand the
thermostability of thermophilic protein to higher temperatures however in this case
the values ohG, are also very similar for all the Csps and the small differences are
not sufficient to significantly affect the thermostability profil@able 3.4). This
means that the crucial factor ithe adaptation of Csps tdifferent temperatures is
changesin nH. This pattern is similar to thtaseen inother protein families (4}
TmCspis able to achieve a greatel, than the other Cspghrough increased
number of electratatic interactions and increased hydrophobic packing sthil

maintainingthe overall proteintopology.

3.4.9 Comparing théhermostabilities of proteins at the growth tempertures of

their respectiveorganisms

While clear comparisons can be made between ttermostabilities of the Csps at
individual temperatures this gives little consideration of the conditions that these
Csp proteins would be found at in nature. If we considerttiermostability of the
proteins at the temperature at which their Bbbacteria growat then the order of
stabilities is reversed witimCsp at the very right of ithermostability curve being
only very marginallystable and the cold adapted forms being near theptimal

thermostability.

To allow direct comparisons of thstabilities d Csps at the optimal growth

temperatures(Toe) Of each organism the thernstability curves for each Cspas

Y20OSR a2 GKIG GKS 2LIGAYEFE 3INRSGK GSYLISNI G dzN
upregulated below the optimum temperature of the organism (under conditions of

cold shock) thehermostabilities above and belov,,: were investigated. OnFigure

3.27the dotted line represents the respective optimum growth temperature of the

bacteria PsCspTopt = 5XC, PB6 CSfypt = 22XC,BLspTope = 37XC, TMCspTope = 80

xC). The right hand side shows what happens tottiemostability aboveT,,: and
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the left sidebelow Ty, One point which seems extremely intstiag is at about 8
XC below theT,,: of each species where thithermostabilities of the Csps are nearly
identical (Figure 3.26). This suggas that the vast differences in the protein
thermostability curves could actually becase of natural selection towards
optimising the proteins towards similathermostabilities at their operating
temperature. The idea o$tudying proteinthermostability at room temperature

may actually conceal the true concept abfein temperature adaption.

'
T

-30 -20 -10 0 10 20 30
Temperature relative tdop

Figure3.26. Comparisons of Cgpermostabilities relative to the optimum growth temperatures of
their host bacteria PSCspT,p = 5°C (purple), PB6 Cdpy = 22°C (blue) BLspTy, = 37°C (green)

and TmCspTo, = 80°C (red).
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Figure3.27 Histogram showing the relativihermostabilities of theCsps at the respective optimum

growth temperatures of theihost bacteriaand at 8°C below that temperature
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The point of intersection of the curvgBigure3.26) is not exactly at th& for each
organism falling at about 8 below this temperature. Th@y, however, may not
reflect the actual growth temperature of the organism, as valuesTgf are
generally obtained in nutrient rich media rather than in environmental conditions.
This is especially applicable for psychroghilvhich are likely to be outcompeted by
more mesophilic bacteria at moderate temperatures. It is also worth noting that
due to their function Csps are not expressed &ty but only at a reduced
temperature. Only very limitedtudies have been performedto the temperatures

each bacteria expresses its respective Csps at, so drawing connections between the

thermostability findings and Csp exgssion temperatures is complex

Performing a similar correlation with,,: dz& A ya@ylaSe data shows that there is
no exact location of equahermostability relative toTo, however around +16C
there is a region of simildhermostability (41). This point of simildhermostability
is higher thanTop in contrast to Csps whee it was lower thanTg,. Extremophilic
adaptation however, is generally a compromise where adaptgirategies
represent trends rather thastrict rules. Few studiemclude a coleadapted variant

and often thermostability values were natetermined bythe samemethod.

-G~ (kJ/mol) )

Temperature relative tdop

Figure3.28 Thermostability ofi-amylases compared relative to tloptimum growthtemperatures
of their host organisns. Comparison of the thernsil 6 A £ A (Gaknfase ehAymeFThermobifida
fusca(TFA) in red, pig pancreas (PPA) in grd@rgsophila melanogaer in light green (DMA) and

Pseudoalteromonas haloplank{iBHA) in purple. Data derived from (41)
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3.4.10 Chemical denaturation using GdnHCI and urea

As discussed abovthe generation of thermstability curves using 1nG and Ty is

OF LI 6t S 2 TG "ainEBRge & tethpératurgs. Todethese predictions the
nG Y values were measured using chemical denaturation experiments a€lnd

23 xC. To do this the concentrations of a denaturant in the protein sample can be
set allowing the folded and unfolded proteistates to reach equilibrium. The
amount of folded protein present in different concentrations of denaturant can be
monitored by flugescence due to the different fluorescence levels of aromatic
residues in the folded and unfolded protestates. This can be fitted with equation
2.9. The migpoint of chemical denaturation is temperature dependent so it is
important to closely regulateemperature. The relative ability of the different Csps
to resst denaturation by GdnHGshown inFigure 3.2%nd Table 3.5appears to
very closely mimic the relativthermostabilities to temperature TmCsp remains
folded to far higher concentrations of guanidine hydrochloride thandtieer Csps.
The coldadapted Cspshowonly slightly reduced restances to denaturants than
BLsp.As expected a slight reduction in all the Csps was observed & 2&ative

to 10 xC. The values obtained @8 xC agree with those from (8 which gave
gl £ dzSG" o-FL.3kJ/mol with a midpoint of 1.5M forBd a LJ GY &f - p
26.2 K/mol with a midpoint of 3.3M for TmCsp. These also agree B«Csp with-
11.3kJ/molfrom (179)and-11.4kJ/mol (180).

The m@ £ dz§ NB LINGZ &latésito thie? midpont [DL, of chemical
denaturation. There is a small increase in thevalues between the Csps going
from the psychrophilic to hyperthermophilic Csp. Models of the accessible surface
area of 45 folded proteins derived from etgl structures and their equivalent
unfolded protein chains showed that the-waluestrongly correlates to the change

in solvent accessible surface area occurring upon protein unfolding (@B&lues
have been shown to have close correlation betwégdnHChlnd urea equilibrium
denaturation periments of 0.9 showing that the effects are independent of the

denaturant used (186).
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Figure3.29 Equilibrium curve showing the unfolding of €8p63mM sodium phosphate buffer in

response tayuanidine hydrochloride denatant at 10°C.

Table3.6. Parametergderived from fitting of equilibrium denaturation curves performed with

guanidine hydrochloride at 14C and 2%Cin 63mM sodium phosphate buffeErrors indicated

derived from fitting

Temperature protein nG Y (kJ/mol) m (kJ/M/mol)  [GdnHCI, (M)
Mnax/ PsCsp -9.2+0.8 75+04 1.24
PB6Csp -7.9x0.6 74+£04 1.08
SCsp -11.0£ 0.6 7.6 0.3 1.45
B<Lsp -11.9+£04 7.6+0.2 1.56
TmCsp -24.8 £ 1.7 7.8+0.4 3.21
protein nG Y (kJ/mol) m (kJ/M/mol)  [GdnHCI, (M)
23C PsCsp 8.3 +0.6 75+03 1.12
PB6Csp -7.0x0.7 7.3+04 0.94
SCsp -10.6£ 0.7 75+£04 141
B<Lsp -11.2+0.7 7.6 £0.3 1.49
TmCsp -25.9+0.6 7.8+0.1 3.28
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To confirm if any specific effects were due to guanidwydrochloride, equivalent
experiments were also performed with urea which is a less powerful deaatur
The same hierarchy afhemicalstabilities was observed with the Csps although
TmCsp was not included as it cannot be unfolded by9urea and greater

concentrations can exceed the solubility limit of urea.

Table3.7: Parameterglerived from fitting of equilibrium denaturation curves performed with urea

at 10xCin 63 mM sodium phosphate buffeErrors indicated derived from fitting.

protein nG Y (kJ/mol) m (kJ/mol/M) [ureal., (M)
PsCsp -8.6+05 29+01 2.96

PB6 Csp 7.7+1.0 2.8+0.2 2.73
BLsp -11.3+0.8 3.0£0.2 3.88

¢ KS @I tdZ®ktainédFromfitting of the equilibrium curves agretrongly
with those observed from the Gibbdselmhotz equation projectiongFigure 3.30)
meaning that the results from both methods reinforce each other. The values from

stoppedflow experiments weral in agreement (section 4.2.1).
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Figure3.30 Comparisorof GibbsHelmholtz projection with chemical denaturation approaches
Plots showing equilibrium curve values (cross symbol) stogped flow valuegtriangles) overlayed
on the GibbsHelmholtzequation projections. Theft graphincludes PB6 Csp atitk right graph
PsCsp
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3.4.11 Insights into the propertiesf extreme hot and extreme colédapted Csps

The optimum growth temperatures of each organis(iop) correlates with the
maximum thermostabilities of the CspgqFigure3.31). At lower temperatures the
pattern is more mixed andhe data is sparse. éfle the thermostability of PsCsp
from an extreme psychrophilés greater than that ofPB6 Csp derived from a
psychrotroph.This raises theuestion of what an extreme psychrophile needs to
achieve to access further into theilszero range. As temperature decreasthe
arrangement of water molecak becomes more ordereelffect eventually leading
to failure of the hydrophobic effect termedold denaturation High salt conditions
often foundin cold environmentsnay offer some protectiormgainst this but cold
denaturationstill limits the temperatures at which proteins caemain folded To
remain folded at extreme cold temperatures a protein magguire increasel
thermostability. Thismay mean that extreme psychroplic proteinsactually need
to be more thermostable than mildly colkhdapted proteins andso could
surprisingly bemore similarto mesophilic proteins. This perspectitlough does
not factor inthe kinetics and protein folding issues latv temperatures. It may be
the balance of coping withll these factorghat is important to protein functiorat

cold extremes.
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Figure3.31 Plot ofthermostability of the Csps agashthe optimum growth temperature of their

host organismE. oli CspAand BdCspdata added from literaturg171).
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3.5 Cold shock protein variants

To attempt to elucidate more about what features makBmCsp highly
thermostable three protein mutants wee produced by Dr Tomdoffmann. The first

was a variat of BELCsp with the 3 mutations E3R48Eand T64K. The other 2 were
variantsof TmCspwith mutationsV62A and L4A. All three mutants wer@urified

by the same method (detailed section 2.4). The properties of these mutants could
be analysed by the same method used for the temperature adapted Csps (sections
2.7 and 3.4jo identify differences betweenwvild type and mutant thermstabilities

For the advantages and disadvantages of this approach see section 1.3.1.

3.5.1Studies of a charged triple mutant dBCsp

One of the key patterns shown in the comparative analysis of the Csp sequences
was an increase in the numbers of charged resiquesent in the thermophilic and
hyperthermophilic Csp sequences. A set of 3 of these additional charged residues
present in the hypertermophilicTmCsp but not in the mesophilB<Lsp are 3R, 48E

and 64K which are thought to cstitute a highlythermostabilising ionic clater
region. These charged residues are proposed to produce a clamp through the
formation of salt bridges betweenh-strands 1 and 4 and a second new salt bridge

0 S (i 4 Sskandsi4 and FFigure3.32). This provides a linkage betwekrsheet 1

and 5 which is suggéed to increase thehermostability of TmCsp (190 Dr Toni
Hoffmann synthesised and purified a mutant of tB&Csp which contained these 3
substitutions E3R, S48E and T64K fritra hyperthermophilicTmCsp. This mutant

will be referred to as the charged triple mutant (CTM). Here thermal and chemical
denaturationstudies ofBELspCTM are performed to show to what extent changing
these 3 residues converts the propertiesB¥Csp to one which closeesembles the

hyperthermophilc TmCsp.
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Figure 3.32: Secondary structure and sequence comparisddsCsp WTBLsp CTM andmCsp.
Top: Secondary structure topology with locations of proposed salt bridges indicated in orange.
Bottom: Sequence alignment displaying mutation€dM from BsCsp indicated by arrows and red

highlighting

The BLsp CTM showed an increased swsice to both temperature and chemical
denaturant relative toB<LCsp. A suftantial increase in thermal migoint of 10°C was
observed from 52C to 62°C which is around 1/3 of thiaermostability gap betweemBLsp
and TmCsp(Figure3.33top andTable3.7). In terms of chemicatability a similar ptern is
observed to the thermstabilitieswith the CTM morehemicallystablethan B€LCspbut with
only anincrease of2 kJ/molin g5 above WTB<Lsprelative to an increase 6.3 kJ/mol

for TmCsp(Figure3.33bottom andTable3.8).

For the natural Csps an increaseTimwas constently met with a corresponding
increase innH. With the CTM however, despite significantincrease inT, no
significant increase\ Y H was observed. It could be that thi#ermostabilising
effects of the salt bridges oanfolding enthalpy rely on the surrounding residues
present inTmMCsp and not jst the salt bridges alone. The salt bridges may have an
entropic role inTmCsp by tethering thé -sheets together. The increased enthalpy

of TmCsp is also governed by increased hydrophobic packing effects as well as

electrostatic interactions.
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Figure 3.33: Thermalnfolding of BLspCTM compared witBBLsp andTmCsp Thermal
denaturation of TmCsp (red)B<LCsp (green) and the charged triple mutantBsCsp (dark
ANBSYyO T2t 2 g:5By flootescénsel BadcBartsisifiating change imH and
T, are shown on the rightBottom: Chemical denaturation at M. Change imG " and

denaturant midpoint are illstrate in bar charts right

Table3.8: Parameters obtained from fitting of thermal denaturationTohCsp,BLsp andB<Lsp CTM

CD t¢L 6O0HMNNBOI
nH™ (kd/mol) T (K) nH™ (kd/mol) T (K)
B<Lsp -175+5 52.5+0.6 181+ 6 52.3+0.3

TmCsp -223+18 80.2+0.8 271 +4 81.9+0.9
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Table3.9: Parameters extracted fromhemical denaturation of the Csps at @ by GdnHCI

Protein nGY(KImol)  m(kI/mol/M)  [GdnHAy, (M) a3 " from
B<Lsp (B/mol)

BLsp -11.9+04 7.6+0.2 1.56
TmCsp -248+1.4 7.8+0.4 3.21 -12.9

¢ K &, value of CTM was similar to that ®mCsp. Theunfoldingenthalpy agaist

T plot appeared to shift to have similar valuesToCsp with high concentration of
GdnHCI. A thernsdability profile was costructed as before for the CTM protein
and this contrated with those ofBELsp andTmCsp (see appendikigure S3 for
intermediate qiG, determination plot). The maximumnG~" of CTM was increased
by a small amount over that &<Csp but this was minor in comparison to the far
KA 3IKSNI YE Balue da mgsp(Figure3.34and Table3.10). A slight shift to
higher temperatures from 1PC to 15°C was observed in the temperature of
maximumthermostability. It was expected that théhermostability of B<«Csp would
be increased to a greater extent in the CTWVhereason that there was not a
greater improvement in thermostabilitynay be that residues around the salt
bridges were not modified to those iIMCsp and these may play an important role
in the stabilizing effect of this ckier (187). The additional sditridge from residues
63 to 49 not formed in CTM could be important to the elestatic network of
TmCsp. These results may highlight arstalble of rational desigstrategies in that
simply adding salt bridges into a protein may not produce the expecte@ase in
thermostability. In some cases this may interfere with solvent interactions actually

decreasinghermostability (187).
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Table3.10 Thermastability parameters forTmCsp,BLsp and CTNh 63 mM sodium phosphate

buffer. nG, values were obtainedrom gradients on Figure S3.

Y EGh  Temp of max

T (°C) qH Y (k/mol)  qiG, (kI/mol/K) (k3/mol) nG Y Cc)
BCsp 52.3+0.3 -181+6 4.08 +0.15 -11.8 10.9
TnCsp 81.9+0.8 271+ 4 3.86 +0.10 -25.1 18.4
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Figure3.34 Thermcstability plot tor BELspC I Mwith 1mCsp In red,BLCsp in light green and CTM in

dark green

3.5.2. Thermotoga maritimahydrophobic deletion mutants

One of the other major factorgroposed to affect thermstability is increased levels

of hydrophobic core packing in thermophiles. To observe the significance of this to
stabilisingTmCsp two further mutants were developed by Dr Toni Hoffmann. These
were TMCsp V62A and L40A which bathbstitute larger hydrophobic residues for
smaller hydrophobic residues to decrease levels of hydrophobic core interactions.
+cH! Aa ftsNOWRSRPAR AWR [nn! Ay K $Figire 2 LI
3.37).
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TwCso VE2A/7-66 MRGKVKWF DSKKGYGF | TKDEGGDVFVHWSA I EMEGFKTLKEGQVVEFE IQEGKKGPQAAHAKVVE
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i

Figure3.35 Location of themodifications in the hydropbbic deletion variats. Top left: Position of
amino acid sustitution in TmCsp tertiarystructure with b-sheet shown in blue. Top right: Positions
in mutation in secondargtructure Bottom: Alignment of wild type Csp with the dvhydrophobic

deletion mutants. The mutations are indicated by arrows below the alignment

As expected the hydrophobic deletion mutants showed a large decrease in the
resistance of the protein to thermal and chemical denaturatighigure3.36, Table
3.11and Table3.12(191). TheT,, values of the mutants at 64C and 5#C were
sutstr YGALF £ & 28N Uxkl yF 2AING SinBgRuAmtkidr ablé & LIS
factor is that while theT, value of L40A remains higher than that BfCsp the
unfoldingenthalpy of thethermal unfolding transition is lowefTable 3.1Q)
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Figure 3.38Comparisorof the thermal and chemical stabilities of the hydhmbic deletion mutants
BLCsp andTnmCsp measured by tryptophan fluorescendeop: Thermal ofolding of the TmCsp
mutants compared withtfmCsp andB<LCsp wild typeTmCsp is shown in redBsCsp in green, V62A in

brown and L40A in grey. Bottom: Chemical denaturation &iCL0

Table3.11: Thermal unfolding parameters including V62A and L#083 mM sodium phosphate
buffer

CD PTI (correcte@scy)
nH™ (kI/mol) Tm (°C) nH™ (kd/mol) T (°C)
BLsp -175 +5 52.5+0.6 -181+6 52.3+0.3
TmCsp 223+ 17 80.2+0.8 271 +4 81.9+0.9
TmCsp V62A -188 + 6 61.3+0.4 -198 + 2 61.1+0.9
TmCsp L40A -160 £ 5 54.1+0.8 -168 + 6 53.9+0.4
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Table3.12 Values obtained from fits to equilibriu denaturation curves with GdniH@t 10°Cin 63

mM sodium phosphate buffer

Protein nGY(kImol)  m(kI/mol/M)  [GdnHCH, (M)  on DYfrom
TmCsp (K/mol)
B<Lsp -11.9+£0.4 7.6+0.2 1.56 12.9
TmCsp 248+14 7.8+0.4 3.21 -
TmCspV62A -13.4 £ 0.7 7.6+0.3 1.76 11.4
TmCspL40A -10.2+ 1.1 8.4+0.6 1.21 14.6

Thermostability curves were constructddr V62A and L4@see appendix S3 for
intermediate plot) The maximalthermostability of the hydrophobic mutants is
significantly reduced and this appears to be across all temperattigare3.37and
Table3.13. A small decrease in the temperature at which the proteins arastmo
stableat (Ts) is observe@ndthe temperature predictedor cold denaturation is not

as low as predicted for the wild typemCsp. Thisesult highlights a global collapse
of the thermostability curves rather than a shifting and does appear to make the

TmCspthermostability profile resemble that oBCsp.
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Figure3.37 Thermastability projection ofTmCsp V62A and L4@A63mM sodium phosphate buffer
compared to MCsp WT
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Table3.13 Thermatability paameters of V62A and40A mutantsn 63 mM sodium phosphate
buffer

YI EGh  Temp of max

T (°C) qH Y (k/mol) g5, (kI/mol/K) (k3/mol) nG Y Cc)
BLsp  52.2+0.3 -181+6 4.08 +0.15 -11.8 10.9
TmCsp  81.9+0.8 271 +4 3.86 +0.10 -25.1 18.4
V62A  61.0+0.4 2197 2 3.89+0.17 -14.2 14.4
L40A 53.8 + 0.4 -168 + 6 3.91+0.26 -10.6 11.6

The thermatability of the V62A mutant at 16C showed a decrease of ¥6from

the value 0f-24.8 KI/mol for the wild typeTmCsp to-13.4 Ki/mol in V62A which is a
similarthermostability to the charged triple mutant. The decrease/G jwas even
more dramatic for the L40Anutant with a reduction of 56% from25.1 kJ/mol
TmCsp t0-10.9 K/mol. Thisthermostability is actually below that shown by the
mesophilic BLsp. This highlights the significance of tkw@bilising role of
hydrophobic packing in the core of hyperthermophiles. Itsillates quite how
optimised their hydrophobic core is that a single change in the size of one side chain
has such a profound effén Cspthermostability. Building up a combination of
mutations to generate thermstability is very complex and is extremely vulnerable
to mutations. Mutations that affect hydrophobic packing such as those presented

are able to completely abolish the effis of hyperthermophilic adaption.

3.6 Discussion

Using recombinant DNA technology and expressiok.imli followed by column
purification it proved possible to obtain protein samples of Csps adaptedsdtyva
different temperatures. Despite showing very high levels of sequence similarity, the
Cspshad vatly different thermal stabilities with a trend of increasingd, and
greater numbers of charged residues being apparent from eudpted to hot
adapted vamnts. The unfolding transition was sharpé&r the more hotadapted

Csps and shaleer in cold-adapted variants.Coldadapted Csps showed only a
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moderatereduction in the midpoints of both chemical ([} values) and thermal
transitions(Tn, values). This highlights the need to preserve protbermostability

meaning that there are limits to the extent that these proteins castdkiliseeither

through genetic drift due to a lack of selection pressu through selective

pressureto increaseflexibility. It appears that a global expsion or collapse of the
thermostability profiles caused by differentgH valuesis the ke mediator of the
thermostability differences Only slight changes in the temperature of maximal
thermostability were observed despite & changes inT,. This shows the
significance of the hydrophobic effect towards prot#irermostability. It appears as

if the vestly different stabilities of the Csps are based around optimising the
LINEGSAYyA G2 KAG Is ofWa girBil& thermbstalilily Qat they 0 S NI
temperature each Csp operat®ds ¢ KA & 3IA BSa | atNaboundd YA T | NI O f
°C below the respective optimum growth temperature of each bacterium. From
thermostability dataalone it is difficult to see if this correlates to equivalent levels

of protein dynamics. This pattern does appear to apply to other protein families

beyond Csps, thougihis may bemore a trend rather than a specific defined rule.

Using a range of mutds generated by Dr Toni Hoffmann that were designed to
serve as an intermediate between the mesophBeCsp and hyperthermophilic
TmCsp the traits of Csp haidaption were examined. B altering the imic bonding
network of BELsp it was possible tmcrease theT,, of a mesophilic Cshowever
NGnax Was not substantially increasedrhe effects of decreasing the size of
individual hydrophobic residues irmCsp were much larger showing theffective
hydrophobic packing iscrucial to thermostable proteins. The large decreases in
thermostability for one single uiavourable mutation show whyational design of
thermostableproteins has proved very difficulExtremophilic proteins have already
evolved many of thdraits desired in proteinsuch as lgh thermastability or high
flexibility. Designingcold-adapted proteins mapoweverprove complex as they are
stable over narrowertemperature ranges so care raube taken vhen choosing a

strategy.
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4 Characterising @ld shock protein flexibility by NMRrad kinetics

4 .1 Introduction

In the previous sections it has been shown how thermophilic adaption produces
increased proteirnthermostability and that psychrophilic proteins exhibit reduced
thermostability with the hypothesis that this correlates to an increasdlexibility
(192) In this section we begin to explore how true this is for the cold shock proteins
and also consider the effect that DNA binding has on flexibility. A greater
understandingof the dynamics of psychrophilic proteins could provide insights into
the strategieswhich could be used to improve the flexibility of mesophilic and
thermophilic enzymesnd potentially increase their catalytic rate§he ability to
predict the dynamicef proteins and find initial scaffolds on which to begin directed

evolutionstudiesis important and research into extremophiles may offer solutions.

Differences in the amino acid composition oftremophilic proteins can have a
significant effect on fleibility. Best et al. showed how an increased level tfe
hydrophobiccore packingthat was observedetween two proteins with similar
folds correlated with a reduction in dynamics which infers that thermophilic
proteins which have greater levels loydrophobicpacking will be more rigid (B).
Thermophilic and hyperthermophilic proteinslso contain greater numbers of
charged residues capable of forming salt bridges which may furthestreom the
structure of these proteins. There is also a shifttlie composition of positivig
charged residues in hyperthermophilic Csjgsvards a greater proportion of lysine
residues rather than arginine residues. The side chain of lysine can rotate more
freely than that of arginine, potentially forming different fparns of irteractions
during rotations (19% This increase in lysine residues has been observed in malate
dehydrogenase from the hyperthermophiMethanococcus jannaschaind is also
observed inTNMCsp (see sectioB.2.2) (195) Psychrophilic Cspsxhibit reduced
numbers of thestructurally corstraining proline and arginine residues and elevated
numbers of the highly flexible glycine residues, often irstelts to provide egions

of local flexibility(87)(196)
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4.1.1Flexibility comparisons betweetemperature adapted homologues

The concept an inverse relationship betwedrermostability and flexibility was
generated due to thermophilic proteins exhibiting slower rates of hydregen
deuterium exchangeindicating less exposure of parts of the proteim $olvent
which implies less dynamics ()96An example is that deuterinmydrogen
exchange was found to be slower iFhermotoga maritimaglyceraldehydes-
phosphate dehydrogenase compared with mesophilic variantsaasuinilar finding
was made for dopropylmalatedehydrogenase variants (1p7L.ower proteolysis
rates seen in thermophiles such as 1&a LJ- NJ 3 A yjdladt&siddse/cBmpared to
their mesophilic homologues have also been cited as implying |deeibility in
thermophiles (198 The redued rates of catalytic activity in some
hyperthermophiles have also been used tstjty the concept of reduced dynamics
in hot-adapted proteing(199) Lam et al showed that the additional electsgatic
interactions in a thermophilic acylphosphatase vatifnom Pyrococcus horikoshii
were responsible for it exhibiting lower reaction rates implying the lower activity

was directly linked tahe thermophilic adaptias (2M).

Other studies showing similar results inclufle@orescence quenching experiments
of a phosphoglycerate kinase from the thermophildermus therophilusvhich
showed a slower rate quenching relative goyeat homologue (20l Molecular
dynamics studies contrating a hyperthermophilicrubredoxin from Pymococcus
furiosus and a mesophilic variant fromDesulfovibrio vulgarishowed that the
hyperthermophilic rubredoxirwas slightly less flexibl€202). Molecular dynamics
folding and unfolding models which suggested a greater ridgity in thermophilic
proteins over mesophilic proteins (&). A similar result was seen for comparisons
of the aystal structures of 3-isopropylmalate dehydrogenases fromhermus
thermophiliusand E. oli (204). These suggs reduced internal flexibility in the
thermophilic or hyperthermophilic variant When the comparisons of
phosphoglycerate kinases andibredoxirs were instead made at the optimal
growth temperatures of the organisms the proteins derive frahe levels of
protein dynamicswere similar.
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The differences in flexibility between psychrophilic and mesophilic protein
homologues have mainly been highlighted using fluorescence quenching
experiments which in general have sugtgel that psychrophilic proteins exhtbi
increased levels of micrdzy F 2 £ R A Yy smyfas® Srghii & pdychrophilic variant
exhibits fasterates of acrylamide quenching thamesophilic alpha amylasé3).

The proportion of time spent in each conformation and rate of interchange
between confomations could significantly affect the rates observed in exckang
and quenching experiment#&\ comparison of csfal structure Bfactors between 20
psychrophilic and mesophilic protein homologue pairs sstggethat psychrophilic
versions were more flexib as they contain larger cavities to interact with water
(205). The presence and size of cavities within proteins can significantly affect the
way a protein interacts with the solvent around it. These cavities are often large and
hydrophilic inpsychrophilic proteins while they are often bl@ckin thermophilic
proteins (206) Ohmura et alshowed that large cavities introduced into lysozyme

can be dstabilizing (158

4.1.2Controversy over the theory that thermophiles and hyperthermophilesear

less dynamic

While a large range dftudies using an array of different techniques have shown
psychrophiles to exhibit increased levels of dynamics and thermophiles to exhibit
reduced levels of dynamics a mifjcant number ofstudies disagree with this.
Molecular dynamics simulations on flavoenzymes showed no significant differences
in flexibility between hermophilic and mesophilic vang, while in a separate
study increased flexibty of a thermophilic subtiliskk, over a mesopliic
homologue was suggéed (207208). a5 & A Y dzf | -dimyl@sygsaalsastgge’
more internal fluéi dz GA 2y & Ay dmylds&khSrNdy2nmdsophilid v@riarit
(209. A study of RNaseH enzymes showed tidtermus thermophiluRNaseH
exhibits both regons of increased and decreased rigidity compared to a mesophil

variant(210).
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One of the mat thermally stable proteins determined to date is rubredoxin from
the hyperthermophilePyrococcus furiosushich isstableto over 100°C (21). This
protein would be expected to be extremely rigid at lower temperatures and so
exhibit low rates of hydrogedeuterium exchange. In contsato this expectation,
however, high rates of exchange were seen even af’@8or allbackboneamides.
One of theorganisns identified as growing at the higlsé temperatures is the
obligate hyperthermophilesGeogemma barossivhich does not grow below 88C
(212). Neutron scatteringtudies of dihydrofolate reductaseomologues fronthis

orgasnismshowed a slightly greateftexibility than the mesophili&€. oli variant

(213.

These conflicting reports present a confugeidture but on balance the reported
studies suggest @end of increased rigidity in thermophiles anttreased dynamics

in psychrophiles. Individual ogarison however seems to be highly specific to the
protein homologues with various different adapticstrategies being applied in
different protein families. From this variation it becomes clear that flexibility is not
simply the inverse othermostability and is far more complex. For exampletiaity

and proteolysis rates depend on other factafsprotein topologyso may not be an
accurate measure of dynamics. It is important to consider that differences between
homologues are generally not uniformiistributed across a protein and that the
various different techniques to assess flexibility vary in the extent to which they
reflect localisedhermostability or globathermostability. Adittional factors such as

ligand binding may also affect dynami244).

4.1.3Global and locaprotein flexibility adaptations

/| 2YLI NAR&a2ya 2F Llaeé OKNEPLIKA tanydase hyndgiedkK A f A O | yF
suggest globalthermostability differences between the homologues (¥ IThisis not

true of all temperatureadapted homologuesas many may display much more
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localsed changes iflexibility (2QL). Molecular dynamicstudies on mesophilic and
psychrophilic trypsidike serine protease homologues sugtgel no differences in
global dynamics but significant differenceghe flexibility of small localised regions
within the protein, matly close to the active site (2L5As is seen across Bto
homologue comparisons the active site catalytic residues were however highly
conservedto maintain function of the proteinSimilarfindings were obtained for
lysozyme where initial reports using hydrogen deuterium exchange stegy@&o
flexibility differences between thermoplsl and mesophilic homologues however
later studies foundsignificant differencem the relativeactive site flexibities (196).

As a consequence of increased flexibility the active site of many psychrophilic
enzymes has been found to be more heat labile than tret o€ the protein which
could leave this regiosusceptible to denaturation (196MD simulations on uracil
DNA glycosylasthat showed changes in the flexibility of a loop which recognises
DNA, is crucial to psychrophilic adaption of this enzyg#6). Similarly hydrogen
deuterium exchangestudies suggsted that a small region of the acte site of
dihydrofolate reductase generated large differences in dynamics between a
mesophilic andhermophilic homologug217). Consequentlycare must be taken

with the interpretation of flexibility findings. Differences in activity between
mesophilic denylate kinase enzyes and a hyperthermophilic vanafrom Aquifex
aeolicuswere initiallyused to implyglobal flexibility differences. It was latésund

that these differences related to a small region of the protein responsible for the
opening and closing of a lid domain while there was little change in the dynamics of

the rest of the protein (21§.

It may not jwst be residues near the active site which are sigaift, as various loop
regions can show significant adaption in extremophiles such ast#imlization of
loops in a thermophilic adenylosuccinate synthetasg219. A region in
phosphoglycerate kinases shows significant variations in thermophiles and
mes@hiles as it regulates opening of the active site cleft while beista from

the active site itself (196
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4.1.4Combining flexibility and thermetability properties of extremophilic

enzymes

Efforts have been made to try to combine improviéekibility of the active site of
psychrophilic enzymes with the therrst@bility of mesophilic and thermophilic
proteins. A mutationaktudy on a psychrophilic subtilisin showed thhy adding
stabilizing mutations to the proteiroutside of the active sié it is possible to
improvethermostability while maintaiimg active site flexibility (290Anotherstudy
showed that by incorporating residues from a psychrophilic homologue it was
possible to increase activity of a thermophilic homologue and in a nurobeases

not diminish thermostability @5). Psychrophilic enzymes have more open active
sites with less sudirate specificity so it is potentially easier tmodify their

specificity (199.

4.1.5 Dynamics of coleshock proteins

Previous sections (Section 3.4) highlighted how tiermostabilities of different
cold shock proteins (Csps) vary and are adapted to the different temperatures their
host organisms inhabit. Thisection aims to uncover preliminamgetails of the
extent to which these differences ithermostability reflect in changes to protein
dynamics and the way these proteins fold and unfold. It may lsypated that the
psychrotrophic PB6 Csp which shows the Isintermostability would be more
flexible and display greater sensitivity to temperature changes (deigure3.25).
The hyperthermophili@mCsp would be expected to show the sedlexibility as it
exhibits the greatst thermostability and containsincreased number of charged
residuesto form additional saklbridge connectionsthat may restrict protein
movement (8ction 3.3.2)In a previousstudy Motono et al discovered differences
in the flexibility of the @erminal region of the Csps with more rigidity in

thermophilic variats relative tomesophilic variats (185.
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4.1.6Studies of protein folding and unfolding kinetics

One of the major challenges for psychrophilic organisntiseigolding ofproteins to

a native formas solutions become more viscous at low temperatures. This means
that exchange between conformations becomes slower and also at low
temperatures there are more issuewith protein misfolding (4). A weaker
hydrophobic core may slow the initial collapsé an unfolded protein and the
presence of increased numbers of highly flexible glycine residues could increase the
degrees of freedom in parts of psychrophilic prote{®3). In vivq psychrophiles

have an increased number of protein folding chaperonemitigate the impact of
some of these effects. Psychrophilic proteins generally have fewer salt bridges and

disulphide bonds so therefore may exhibit simplified folding landscapes.

There are also factors which complicate the folding of thermophilic pnetei
Thermophilic proteins contain increased numbers of hydrophobic residues which
could accelerate the rate of initial protein collapse in terms of protein folding but
can also make thermophilic proteins significantly moren@ to aggregation effects
(221). Hyperthermophiles have significant numbers of additional complex
interactions such as salt bridge networks whichsinhe formed during protein
folding. Where folding intermediates are seen fdolding of a thermophilic
homologue but not a mesophiliform it can be difficult to determine if the
intermediates are ofpathway, an indication of multiple folding pathways or protein
misfolding (222. The unfolding rate of proteins is correlated to protein
thermostability with more stable proteins taking dnger to unfold (223 The
increased thermstability of thermophilic proteins produces geradlly slower
unfolding rates Sometimes the initial phase of unfolding may occur at a different
location in the protein for thermophilic proteins as some regions hdifgerent

relative stabilities compared to their mesophilic homologues.
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4.1.7Previous folding and unfoldingtudies on Csps

Previousstudies of Csp foldinghave suggsted a common folding mechanism
between the mesophili@<Lsp, thermophiliddCsp and hyperthermophiliEmCsp
with similar rapid folding rates. They did not find evidence of any different folding
intermediates between the Csps sugtieg that the additional interactions of
TmCsp oveBLsp do not occur via a clear folding intermediavidenced by the
lack of rollovers in thehevronplots forBELsp BaCsp andrmCsp(224-226). Forster
resonance energy transfestudies by Magg et al showed that folding of the
thermophilic BdCsp proceeds by rapid collapse with no significant enéayyier
between etended and co#lpsed forms (224 They found that a crucial hairpin of
iMm FYR i H gl a LING &ty but didyhot foknSin theNihitila A G A 2 Y
hydrophobic collapsef the protein during folding.

Protein unfolding initiates at the part of the proteirstructure which is
thermodynamically weaks which for Ceps is the @erminal region (22%
Molecular dynamics simulations yotono et al reveals that unfolding of the-C
terminal region ofTmCsp occrs at the same time as other regis of the protein
rather thanthe first stage of unfolding185) This difference is caused by additional
salt bridges iInTmCsp which increases ththermostability of the Gterminus.
Siabilization of the weakst part of mesophilic Csps providé&snCsp with increased

thermostability relative to its homologueand slower unfolding rates (171

4.2 Results

4.2.1.Folding and unfolding of the Csp homologues

The foldingstatus of a protein can be monitored by a changethe fluorescence
signal at 350hm as the fluoresence emission of tryptophan residigedependent
on theextent to which they arexposed to solvent or shielded within a folded form.

In Csps a higher fluoremnce signal is assosiated with the foldgtdte. The change
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in fluoresence can be followed bgtopped flowkinetics which involvehe rapid
mixing of two solutions and recording of the change in fluoresence signal. To
monitor Csp refoldingan unfolded protein in a high concentration of denaturant
was combined 1:9 with buffer with a lowedenaturant concentration (see &thods

2.8). The lower the denaturant concentratiothe faster the initial folding rates
(Figure4.1 left). The curves can be fd an exponential function whiclgenerates
values fo the rate corstant of the reaction. Similarly protein unfolding can be
followed by combimg a solution of folded protein in buffer with buffer containing

a greater concentration of denaturant. The higher the denaturant concentration the
greater the inital unfolding rate and fitting of each curve to an exponential yields
the observed rate castants. This approach was taken for 30 uM samples of PB6

Csp,PSCspBLsp and'mCsp. The fittd data for PB6 Csp is showrFigure4.1.
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Figure 4.1 PB6 Cdplding and unfolding conducted usingtopped flow mixing and followed by
fluorescence changeRepresentitive dlding data shown left and unfolding data, rigfar 30 uM

t . ¢ / &lQinl6ZmMusndium phosphate buffer. Left: Folding from 4.5 M [Gditt€I).125 M
[GdnHCI] (darkest blue) to 2.25M (lightest blue). Right: unfolding from 0 M [GdnHCI] into greater
[GdnHCI] of 1.5 M [GdnHCI] darkest blue to 4 M lightest blue. Each run was performed 8 times and

the kinetic traces averaged.

The folding andunfolding rate costants were plotted agast guanadine
hydrochloride concentratioto generate a chevron plot with the left arm in each
trace representing protein refolding and the higarm representing unfolding

(Figure4.2) (236. The refolding of albf the Csps was rapid and exhibited very
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similar rate costants = 194s™ - 344 s%). The unfolding rate caants (k) were
dramatically slower and significantly more varied. The unfolding ratestaois
appear to directly reflect the relativéhermostabilities of the Csps. The refolding
rate corstants can be seen as a representation of the energy barrier between the
unfolded state and transitionstate, while the unfolding rate catants represent

the energy barriebetween the folded state and the tansitionstate. As the folding
rate corstants extrapolated to 0 M denaturant are samilar between all the Csps
(Table4.2) thistogetherwith the beta-Tanford (+) values (Table4.1) suggests that

the energy barrier between unfolded and transiti@state is similar between the
Csps. The differences in proteihermostabilities derive from the differences in
unfolding rate costants which implies that the differences thermostabilisation
between the Csps are thermodynamic rather than kinetic. This siggsts that

the mechanism of protein folding is fully conserved between the differeharrel
Csps. This makesautionary sense as the Cspbarrel topologyis seen across so
many kingdoms of life and in organisms growing at a wide range of tempesat
The presence of intermediates is often observed by curvature at very low or high
denaturant concentrations though none were seen heavhich agreeswith the

theory of Csp folding being a twaiate process.

100 4

10 4

Kane (s7)

0.1 4
00 05 10 15 20 25 30 35 40 45 50 55 6.0
[GdnHCI] (M)

Figure4.2: Chevron plot of €§p folding and unfolding at 19C PB6 Csp in blu®sCsp in purple,
B<Lsp in green an@imCsp in red
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A linear extrapolation method is used to calculate the ratestants of folding and
unfolding under conditions of no denaturant which are located at yHatercept.
@Y fgr thé Kréigin (S

Methods 2.8. m-values (n; and m,) are obtained from the gradients of the linear

tKSas

regions of the folding and unfolding arms of the multipliedR¥ These are added

to give the Mvalue of unfolding. These can then be compared with values obtained
from equilibrium curves performed at the same temperatf@ble4.1 andTable
4.2). The values were found to be in close agreement siggethat Csp folding
and unfolding ecur in a twestate manner. The é&a-Tanford (by) value is a
measure ofthe degree ofsolvent exposure in the transitiostate relative to the
folded state. It ranges from 0 to 1 and can be calculated from equation 2[2e.

large values obtained for the Csf&840.89)suggets that the transitionstate is

Ay G SNDS LI

LI2AY (4

close in compactness to the natistate (147)

Table4.1: Sooppedflow kineticsderived parameterat 10°C in 63 mM sodium phosphate buffég,
and k; were determined by extrapolation of the linear regions of the refolding arms and unfolding
arms of the chevron plot back to theakis (0 M [GdnHCI]). Malues derive from the gradient of the

refolding and unfolding arms of the chevron plot respectively.

k (sY) ke (SY) me(kIM/mol)  my(kI/M/mol) by
PsCsp 2253 4.1+ 0.6 6.5+ 0.2 1.0+0.2 0.87
PB6 Csp 249+ 2 9.7+ 0.5 6.840.2 0.8+0.1 0.89
BCsp  344% 3 3.0+ 05 6.9£0.2 0.9+0.2 0.88
TmCsp  194+2  0.009+0.004  6.2+0.1 1.4+ 0.5 0.84
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Table 4.2: Stopped flokineticsderived parameters derived at 1dC in 63 mM sodium phosphate
buffer.

NG (kJ/mol) m (kJ/mol/M)  [GdnHCH, (M)

PsCsp -9.4+ 0.5 7.5+0.3 1.25
PB6 Csp -7.6+0.3 7.7+04 0.99
B<Lsp -11.1+0.6 7.8+0.2 1.42
TmCsp -23.8+2.7 7.6+0.7 3.13

Tablen ®o Y / 2 Y LI Nu&ldefoptainedfbysfpped flowkineticsat 10°C with equilibrium
OdzNIBS @I f dzSa .Bathideta weSmerforined in/63 mM sodium phosphate buffé.

value is included fofmCsp in urea as the mijgbint [urea 2 exceeds the solubility limit of urea.

nG ™ (kJ/mol) Sopped flow Equilibrium curve  Equilibrium curve
with Urea with GdnHCI
PsCsp -9.4+ 0.5 -8.6 £ 0.5 -9.0+0.8
PB6 Csp -7.6+£0.3 -71.7+£1.0 -7.9+0.6
B<Lsp -11.1+0.6 -11.3+0.8 -11.9+04
TmCsp -23.8+2.7 - -248+14

Previousfolding studies have suggted that the folding of proteins may be more

dependent on the topology of the protein secondaspructure and tertiary

structure rather than the gecific amino acid sequence (28235). The unfolding

mechanism of Csps is similar to that of SH3 domain proteins, dihydrofolate

reductase and rubredoxins which are also ¢dgh & S R-shée® (224)(22230).

SdzR A S ashegt Protéins containing an SH®main showed very high levels of

conservation of regions of the pm@ns pertaining to folding (22@32. This

suggstda G KIF G Fy STFAOASY(H Y Sshéetpyoteiasrevokedl LINR G SA Y
very early and then has been maintained with only verytécthrefinements of this

method since. This may explain why Gslaing ratesand topology is conserved

across altlifferent kingdoms of life.
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4.3 Expression ofN labelled protein for NMRstudies.

NMR HSQC (Heteronuclear single quantum coherence ggeopy) spectra have
previously been obtained foFmCsp BLsp,TaCspTdCspand LmCsp (224233234).

As coldadapted proteins are hypothesised to display increased confoonati
heterogenety this would be expcted to lead to reduced or abst crosspeaks or
temperature dependent line broadening. The aim is to discover if a clear HSQC can
be obtained for the psychrotroph PB6 Csp and to compare that with the signals of
the other Csps.

One of the main complexities in performing NMgtRdiesis, that in mat cases, they
require the protein undestudy to be enriched in an NM&tive isotope such as the
>N labelled proteinused in thisstudy. To produce labelled protein, bacteria are
grown in minimal medium which contains only a single sowfceitrogen tat has
been labelled (Methods 2)5This represents a challenge as growth and expression
of Csps is challenging even in nutrient rich media but maffecalt still in minimal
media This makes it very difficult to induce the protein when tieecteria are at a
high enough growth rate. Through the use of M9 minimal media, it proved possible
to obtain sufficient quantities of labelleBLsp andrmCsp forstudy but insufficient
levels of PB6 Csp even with optimisation of glucose levels. To dttenmpsolve

this problem, the PB6 Csp was fusadrame to a highly expressing protein called
maltose binding protein (MBP(Figure 4.3). The aim was that the MBP would
dramatically improve expression of the Csp and that the MBP and PB6 Csp could
then beseparated during an additional purificatiatep to yield free Csp.
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Figure4.3: Schematic showing the use of the RIBusion proteinto express PB6 Csp in minimal
medium. (A) Representthe DNA costruct and (B) representthe process used to cleave expressed
MBRPB6 Csp fusion protein into MBP and PB6 Csp.

4.3.1 Overexpression and purification of°N MBRPB6 Csp

A sample of pMal C5x plasmid was obtained from Dr Daniele Walsh containing
sequences foa His tagged MBferredoxin costruct. The ferredoxin DNA sequence
was flanked byEcoRland BamHlrestriction enzyme sites. The $ir step was to
remove the ferredoxin sequence with steiction digestion. Concurrently PCR was
performed to add theappropriate restriction enzyme sites to a PB6 sequence and
to add astop codon. The PB6spsequence was ligated into the dgfed pkasmid
and transformed into XL:Blue cells. To observe which plasmids had taken up the
PB6 sequence and whiddtill contained the ferredoxin sequengesamples of 5
colonies were grown overnight in LB and plasmid extragteddescribed 2.2.8A
sample of the plasmid was double d#&fed with the same rstriction enzymes. As
ferredoxinis a longer sequence than PB6 Csp the plasmibich contained Csp
(Figure 4.4 lanes 12) could be differentiated from those containing ferredoxin
(Figure4.4 lanes 3).
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BanmHI/Ecdrl digests

1kbp 100 bp MBP + PB6 Cs|
ladder ladder F1 F2 1 2 3 4

500 bp
200 bp

—

Figure4.4: 1.5% Agarose gel showing double digef pMal C5X plasmid containing MBP fusion
proteins.F1 and F2 contain the MBP vector withredoxininsert and are a negative control. e
remaining lanes(1-5) were used to investigate plasmids ligated with PB6 Csp. Lanes 1 and 2

contained thePB6 Csp sequence, lanes 3 anbletferredoxin sequence and lane 5 a mixed colony.

Moderate exprasion of MBFCsp was observed witminimal media expression
using IPTG inductiofFigure4.5). It was possible to purify the MBPB6Cspfusion

protein using the same &ep process as in LB express{bigures 4.64.7).

12hr 16hr 20hr 24hr

Figure4.5: Expression of MBIPB6Cspin minimal mediaThe expected nmss ofthe fusion protein of
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53 KDa is indicated by an arrow.
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Figure4.6: Elution profile displaying fraction eluted from-NITA purification of MB#B6 fusion
protein. Left: The blue lineand left axis represents the absorbance at 280 nm. The green line
represents the imidazole concentration applied to the column. Red numbers indicate fraction

number. Right: SBDBAGE gel of relevant fractions. M indicates marker lanes. The expectsdaha

the fusion protein is 53[Ra.
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Figure4.7:lon exchange separation of MBMB6Cspfusion protein and SDBAGE showing fractions
eluted from a resource Q columheft Blue line and left axis represents the absorbance at 280 nm.
Green line represents the NaCl concentration applied to the column. Red numbers indicate fraction
number. Right SDSPAGE displaying selected relevant fractions. M represents lanes containing

molecular size markers. The expected mastheffusion protein is 53Ra.

4.3.2 Cleavage of PB6 Csp from MBB6 Csp and purification of PB6 Csp

MBP and PB6 Csp were sepatatbroughthe action of TEV proteaseéWhile there

was no band at the size of PB8pbefore cleavage (8.40a) a clear band can be
seen afterproteolysisby TEV proteasérigure4.8). While it is hard to observe a
shift in the MBFband as the loss of PB6 Csp does not significantly alter movement

of MBP through the gelt does appear as if there is a small band corresponding to
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uncut MBP and a lowestronger band relating to cut MBP in the after cleavage gel.

This also serves as a positive sign that the cleagteme had proceeded near to

completion.
BeforeTEV After TEV
Cleavage Cleavage
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Figure4.8: TEV cleavage of MBB6 Csp to separate PBBpfrom MBRPB6Csp M represents
molecular weight markers. B shows the purified fusion protein prior to cleavage. The &hewnd
16 hour lane show incubation time with the dir20 minutes at room temperature and remaining

time at 4°C. The expected mas§ PB6 Cspf 8.4 WDa is indicated with an arrow.

The products of the TEV cleavage reaction can then be separated by a final size
exclusionstep. As TEV and MBP are significantly larger than PB6 it was possible to

easily separate the fractions containing PB6 Csp and (MiBEre4.9).
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Figure4.9: Purification of PB&spfrom a mix of PB&sp MBP, MBHPB6Cspand TEV by size
exclusion chromatographylLeft: Blue line and left axis represents the absorbance at 280
Fraction numbers are indicated in red. Right: $IA&E gels of the sizxclusion fractions. Edge

lanes represent moleculanassmarkers. The expected magkthe PB6 Csp protein is 8.b&
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4.4 2D NMR spectra of the Csp monomers

In addition to structure determination NMR is a powerful tool with which to
elucidate dynamicprocesses in ibmolecules (23B The sectiondescribes a
preliminary invetigation into the differences in dynamics between PB6 Bspsp

and TmCsp and how these agdfected by ligand binding and temperature.

The spins of nuclei align in a paramagnetield and can be excited with
electromagnetic radiation. Thisdiation can then be emitted when they relax to
the ground state The resonance of nuclei is hugely dependent on tireosinding
chemical environmentIn a 2D N-'H HSQC (Heteronuclear Sing@uantum
Coherencg spectra,the resonant signal of eachiN-H coupling generates a peak.
These are plotted by value of chemical shift f6N and protons. In proteins
cultured with N as the only nitrogen source, each amino acid contain¥\Ne
bond exept for proline where the side chain loops back on to the main chain
nitrogen atom. Each®N-H has a specific value of chemical shift f and*H so
these represent a defined eordinate for each residue. NMR spectra give a time
averaged signal and regis which are highly dynamic will show increased spread of
the signal sometmes to such an extent that the signal falls below the noise
threshold. Previous NMR assignments have been obtained for the
hyperthermophilicThermotoga maritima(TmCsp, thermophilic Thermus aqaticus
(TaCsp, mesophilic Bacillus subtilisBELsp andE. oli (EcCsp as well as
psychrotrophid_isteria monocytogene@dmCsp (237-240).

4.4.1HSQGpectraof the Csp monomers

NMR spectra were recorded with the aid of Dr Lars Kuhn. It was possible to obtain
HSQC spectra famCsp,BLsp and PB6 Csp at ADwith clear well defined peaks

The number of peaks observed when excluding the side chain region (G8tor
Csp 63 for BLsp and 65 foTmCsp was close to the number cddmino acids

present in the Csps (figure 3.7)he signal to noise ratio was slightly lower for
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TmCspas someof the protein precipitatedand due totechnical issues spectra for
TmCsp were performed on lawer field spectrometer(Figure 412). The spectra for
B<Lsp agreed with that of previously published déd7-238) while TmCsp $owed

significant deviation (239

The spectrumfor PB6 Qs as seen in §ure 410 shows a number of versmall

peakswith low dispersion around 8.6pm on the'H axisAs he protein is known to
be stable at this temperature (see section add figure 4.1}, this may suggest the
presence of micrainfolding events.The BELsp signal had a largaumber of less

well defined peaks but the spectsdill had astrongsignal to noise ratio.
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4.4.2Exploring variations in dynamics with temperature for the Capsng HSQC

spectra

To generate a real undstanding of the Csps, as with previous sections it is
important to study the effect of temperature on the NMR spectra clear change

was seen in the value of chemical shift as the Csps were helated®?B6 Csp and
TmCsp mat residues showed a regular cheral shift change witltemperature
OKIFy3aS FTNBY wmn x/ (G2 H(Figwe/4.13, ¥R arBiMB5Y HoO
Some residues however exhibitetb changewith temperature and he overall
number d peaks slightly decreased with increasing temperature. A general
sharpening of peaks was observed but this is expected due to an increased tumbling
rate of molecules at higher temperatureBor TmCsp and PB6 Csp the changes in
dynamics were minor suggtng the same conformation is maintained at the

different temperaturegFigure 4.13 and figure 4.15)

It may have been expected that PB6 Csp as the-adégpted and lest stable Csp
would show more temperature sensitive dynamias its @G value changes
between 99% and 27% of its thermostabilifanax value while the other Csps retain

a greater percentage aflGnax While HSQC spectra are only a snapshot of dynamics
it still seemssurprisingthat the large proportion ofGnaxWhich is lost aB7 xC does

not appear to give increased dynamics as fapeak widths. The one change that
was observed in th®B6 Csp spectraas thatthe smaller peaks in th&H 8-9 ppm
region were seen to disappeawith increasing temperaturesuggesting that the
state which they derive from is uafoured at higher temperatures. This may
suggests a shift occurs in a chemical equilibrium between two states with a change

in temperature.

A far more substantial change was observe8#sp(Hgure 4.14)with some ped&s
disappearingaround a'H value of 7.9pm as temperature was increased. This
suggests this regioaof the proteinbecomes highly dynamic at higher temperatures

so thesignal broadens and the intensity falls beltdve observablehresholdon the
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HSQC spé@. The intensity of residues is controlled by two opposing factors. It
increases as tumbling rate increases at higher temperatures but decreases if a
protein becomes more dynamic. The greateésensity was seen at 37C for PB6

Csp but at 28C forBLsp andrmCsp
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Figure 4.13: Temperature dependence of the HSQC spectra of PEbx@spmentgperformed in 63
mM sodium phosphat buffer on a 750 Mzspectrometer Lightest shade 19C, middle bade 23°C
and darkest shade 3C. All spectra scaled relative to position gOBignal.A reproduction of figure
3.25is shown to illustrate temperatures at which readings were taken (orange circles) relative to the

thermostability profile of PB6 Csphis is 99% afiGacat 10°C, 84% at 23C and27% at37°C.
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Figure 4.4: Temperature depetience of the HSQC spectraBdCsp Experimentsperformed in 63
mM sodium phosphat buffer on a 750 Mzspectrometer Lightest shade 18C, middle shade 2%
and darkest shade73*C. All spectra scaled relative to position gOBignal.A reproduction of figure
3.25is shown to illustrate temperatures at which readings were taken (orange circles) relative to the

thermostability profile ofBECsp.This is 99% afG,xat 10°C , 93% at 23C and 59% at 3.
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Figure4.15: Temperature depetience of the HSQC spectraTohCsp.Experimentperformed in 63
mM sadium phosphate buffeon a 600 Mizspectrometer Lightest shade 19C, middle shade 28
and darkest shade73C. All spectra scaled relative to position gDiBignal.A reproduction of figure
3.25is shown to illustrate temperatures at which readings were taken (orange circles) relative to the

thermostability profile offmCspThis is 99% afG,.cat 10°C , 99% at 23C and91% at 37C.
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