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Abstract

Hisactophilin is a histidine-rich actin bindingopein fromDictyostelium discoideum;
it is a member of thg-trefoil superfamily and exhibits a characteriséiary structure with
three-fold symmetry. The effect of various mutasi@m stability and folding of oth@rtrefoil
proteins has been studied and certain mutationsriti@ase sequence and structural
symmetry were found to increase protein stabilityis study focuses on the effects of point
mutations that increase symmetry on hisactophifibibty and folding designed within the
core, minicore and turns of conserved andonserved residuebhe stability and folding of
hisactophilin mutants were analyzed both thermornyaally and kinetically using
fluorescence spectroscopy and circular dichrois®) @& pH 6.7, 7.7, and 8.7. The stability of
eachmutant was measured and compared with the wild pyptin (WT), and witldata
obtained for anothdi-trefoil protein, Fibroblast Growth Factor (FGFhdfolding of WT
and mutant hisactophilin was found to be reverdaylehemically induced denaturation. Both
the equilibrium and kinetic data in urea for WT andtant hisactophilin can be analyzed
using a 2-state model for the transition betweerfdided and unfoldestate. The results
indicated that H90G and I85L are more stable therWT due to increase in the folding rate,
while 193L is slightly less stable than the WT daen increase in the unfolding rate. F6L is
more markedly less stable than the WT as indiclayearea denaturation; due to protein
precipitation the kinetic analysis was not perfodnfi@ this mutation. F13Ymutation is less
stable than the WT from CD result. and it needgstigation with DSC to confirm the
stability as indicated as a future work. The ressaftthe mutations support the notion of

increased symmetry resulting in increased stability
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Chapter 1: Introduction
1.1 Protein folding

Protein folding studies not only provide atresting intellectual challenge, but also
have many practical applications. The informatiequired for a protein to fold and adopt its
native structure is stored within the primary segqee(Anfinsen, 1973); however, we are still
unable to accurately and universally predict thalffold based solely on primary sequence.
During the last several years significant advamae® been made in this field. As the number
of known structures solved by X-ray crystallograpimg NMR techniques has increased,
additional information has been gathered relateguence to structure. From this data, it has
become clear that protein structure is much magbklhiconserved throughout evolution than
primary sequence (Thornton, 2005). For the pharoteca industry, the ability to predict
tertiary structure holds the prospects of greatiucing the cost of developing new
therapeutic drugs. Furthermore, recent reseampests that certain diseases such as mad
cow disease, cancers, and possibly both Alzheinagxdstype 1l diabetes may be caused by
misfolding and aggregation of otherwise normallgdtional proteins (Kuwajima, 1999).

Finding answers to the protein folding problena imost worthwhile endeavour,
ultimately contributing to the prediction of pratestructure based only on primary sequence,
to the design of recombinant proteins with a stédild and to the understanding of diseases
involving misfolded proteins. Mutagenesis experitseshow that limited changes in sequence
can have effects on stability and activity but gatig do not lead to large shifts in structure

(Cordes et al., 1999).



1.1.1 Folding of small model proteins

Many protein folding investigations have focused studying small single-domain
proteins (up to ~100 amino acid residues) that fatdi unfold in a two-state transition
between native/folded (F) and denatured/unfoldedl gtates without intermediate states
significantly populated on the folding pathway (Jn, 1998). Two state folding can be
described using the following scheme:

Scheme 1:

F ——— U (1.1)
ks
(1.2)
Kur = [U]/ [F] = Ko/ ks
(1.3)

f|: + fU=1

where Ky.r is the equilibrium constant for unfolding, whiclkanc be determined by urea
denaturation, kand k are the rate constants for unfolding and refoldnegpectively, and-f
and {, are the fraction of folded and unfolded proteiespectively (Pace, 1986). For a
globular single domain protein, hydrophilic residiend to be on the surface of the molecule.
Surface residues are relatively flexible and campadlternative conformations. Hydrophobic
side chains of residues are generally packed teg@tkide the molecule, excluding water to

form anhydrous cores as shown in (Figure 1.1).



denatured native state
unfolded folded state

Figure 1. 1 Native and denatured states.
The native state has less hydrophobic surfaceexgased to solvent, and in the denatures state ofiore
hydrophobic surface area is exposed to solvent.

Reversible folding of two states is a cooperatigaction, which means that the transition
between folding and unfolding occurs over a narn@amge of changing environmental

conditions.

For larger proteins, three steps are more frequatiterved due to formation of an
intermediate. The intermediate is either a so-daittelten globule, which is formed by a
process called hydrophobic collapse (in which altirophobic side-chains suddenly fall
inside the protein or cluster together) or a stiwecin which the secondary structures of the
protein are already fully formed (Fersht, 1999).wedwer, there is controversy concerning
about whether these intermediates are formed ete rmuthe correct folding pattern, or

whether they represent structural dead end.

For small proteins, intermediates may tend to adtimetic traps and slow the folding
process. However, intermediates may also play @ molhelping proteins fold properly,
especially large proteins, or facilitate aggregati®@ome proteins related to misfolding
diseases involving prion, amyloid formation andtpio aggregation are proposed to fold via
formation of intermediates which favour protein foiding (Galani et al., 2002; Zhu et al.,

2003). The role of folding intermediates is not ivadefined and requires further study.

3



Hisactophilin, the protein which has been studiedhis thesis, displays predominantly two-
state folding with intermediates observed only unkighly stabilizing solution conditions

(Liu et al., 2002).

1.2 Protein stability

Protein folding studies rely on measuring thermaayic and kinetic parameters for
folding. Thermodynamics measure the energy diffezebetween the folded and unfolded
states at equilibrium, while kinetics measure &eergy differences between transition states

and the initial ground state (native or unfolded).

Various methods such as fluorescence, circularndosm and DSC can be used to monitor
the structure of these different states. The folfledttional state of a protein is generally
believed to be energetically favored over otherfagnations (Pace, 1986). The stability of a

small monomeric protein is typically about 5-10 lkeel, which is very small.

1.3 Methods to study protein folding
1.3.1 Equilibrium denaturation

One approach to study protein folding is to detesrthe properties of proteins under
equilibrium conditions, and the properties of thensition between different states that are

populated at equilibrium.

Proteins can denature by changes of various solutienditions: increasing
temperature, pressure, decreasing or increasingapé, denaturant concentration. Urea and
guanidine hydrochloride (GdnHCI) are the most comiypaised reagents to unfold proteins.
These compounds denature proteins by interferinty whe hydrophobic effect and so

promote protein unfolding and exposure of hydrophoyroups. The unfolded state of



proteins is more favored than the native stateigh kdenaturants concentrations because the
denaturants interact more favorably with hydrophadrioups. Urea is a neutral denaturant,
while guanidine is a much stronger denaturant theea and may be necessary in some

systems to completely denature a protein (Jaenidk&9).

The unfolded state refers to the highly solventomeal states that proteins assume
under strongly denaturing conditions. The free gyeauf transfer of the side chains and
polypeptide backbone from water to solution of derant is linearly proportional to the

concentration of denaturant (Fresht, 1997).

Proteins that denature reversibtyvitro will reach thermodynamic equilibrium after
unfolding/refolding for a sufficient period of tim& denaturant. For the 2-state model in
which the protein exists in either the unfoldedes{@)) or the native state (N), the stability is
measured by the difference in Gibbs free energydat the N and UAG). This value can be

determined from the equilibrium constant as:

AGy = Gy-Gy = -RTInKy (1.4)

where G is the Gibbs free energy of the unfolded statgjs&he Gibbs free energy of the
native state, R is the gas constant and T is atestdmperature. Proteins that unfold by a two-
state mechanism exhibit a symmetrical sigmoidaisiteon in denaturant shown in (Figure

1.2).
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Figure 1. 2 A typical urea denaturation curve fora two state unfolding transition.
The fractional of unfolded protein is plotted afsiaction of denaturant concentration.

Equilibrium denaturation curves are commonly usedcharacterize the unfolding
transitions of proteins (Pace, 1986). Protein samlre diluted into a series of denaturant
concentrations and once the protein sample reasipasibrium the properties of the protein
are measured using optical probes such as CD anceficence. Over a range of denaturant
concentrations there is a transition region (Figli®), where the protein undergoes a co-
operative transition between the native and theldatl state. The fraction of the unfolded

protein, f,can be calculated using the following equation:

ob¥- Yu (1.5)

fu= ——
NYYy

where Ypsis the observeslignal, Y| is the signal of the unfolded state, angi&'the signal of

the native state. As the denatusddte is more exposed to solvent than the natate,sthe

denatured state is preferentially stabilized byadi@rant. The free energy of unfolding at any

urea concentratiomGy[urea], is expressed by the following equation:

AGy [urea]= AG°y+ my [urea] — m [urea]? (1.6)



where AGy[urea] is the free energyf unfolding at any urea concentratioxGG°y is thefree
energy of unfolding in O M urea, andirand m, are constants describing the denaturant

dependence of the Gibbs free energy of unfolding.

The difference in the free energy of activatialA(,) as described by Pace and Scholtz

between the WT and mutant can be determined witle mertainty than the absolut&,.

(1.7)
AAGU = AGWT - AGmut

= (Gowt - Cin mutan) (Mt + Mmytany/ 2 (1.7.1)
A positive value ofAAG, indictes that a mutamt less stable than the WT and a negative

value of AAG, indicates that a mutaistmore stable than the WT.

1.3.2 Kinetic measurements of unfolding and foldig
1.3.2.1 Introduction

Proteins that appear half-denatured in the ted &ub, in fact, mixtures of molecules
that flip forwards and backwards between the umdlénd fully native states. Individual
molecules pass continuously the top of the freeggnkarrier separating the N and U states.
By analogy to chemical reactions, the state comedimg to the free energy barrier between
two states is called the transition state (TS). iidte constant for refolding fkand unfolding
(ku) is related to the energy difference between U @&l and between N and TS,

respectively, as illustrated in (Figure 1.3).



(a)
TS () 7s

Reaction coodinate Reaction coodinate

Figure 1. 3 Free energy diagram for folding of prtein.
(a). Two state transition. N, U and Ti®@present the native state, unfolded state anttahsition state,
respectively. (b). Three state folding of protéirepresents the intermediate.

To study refolding, a protein is subjected to deriay conditions, which then are very
rapidly changed back to folding conditions, e.gdidytion of a high denaturant solution. The

reverse is done to study unfolding.

1.3.2.2 One-step folding
The equilibrium constant for unfolding kis given by the ratio of unfolding and

refolding rate constant:
Ku = [U)/ [N] = ku/ks (1.8

After a jump to folding or unfolding solution cotidins, relaxation to equilibrium can be

monitored spectroscopically and described by aeiegponential with a drift:

(1.9
A(t) = a*t+ b+cl*exp(-ki*t)

whereA (t) is the signal at timé, a is the drift,b is the offset (signal ah («)), ciis the

amplitude of the signal, and is the rate constant.

8



Raw kinetic data that are ill fit to a single expatial may instead fit to a double exponential

with drift:
A(t)= a*t +b+cl*exp (-ky*t) + c2*exp ((-ko*t) (1.10)

where A(t) is the signal at timé, a is the drift,b is the offset (signal a& («)), ¢, is the
amplitude of the fast phase with correspondingate constant anc® is the amplitude of the

slow phase with correspondikgrate constant.

onke e + Ky (1.11)

At lower concentrations of the denaturant, theif@date is much larger than the unfolding
rate, so thatdgsapproximates kConversely, at higher denaturant concentratiors, th
unfolding rate is much higher than that of foldiagd kysshould approximatek The half-

life of the reaction is determined as:
ti2=In 2/kops (1.12)

1.3.2.3 Chevron plot

The criteria by which a protein can be shown td fcording to two state model has
been well studied (Johnson and Fersht, 1995). kar proteins plots of the natural logarithm
of the rate constants for unfolding, {r&knd refolding, Ink versus denaturent concentration
results in a V-shaped profile often referred t@ahevron polt see (Figure 1.4). For a 2-state
model the unfolding and refolding part of the Iatfan curve are linear. The observed or
measured rate constag,kis the sum of the folding and unfolding rates cant as shown in

Equation 1.11 (Fersht, 1999).



2 3 4 5 ¢ 7 8 9 1o
Denaturant concentration (V)

Figure 1. 4 A typical chevron plot observed in twcstate model.
Where Kin H,O is the rate constant of folding in watey itk H,O is the rate constant of unfolding in wateg, m
and m are the dependence of |j&nd Inkon [urea], and & is the denaturation midpoint.

More importantly, equlibrium parameters for the i@ in free energy of unfolding in the
absence of denaturenAG%, and m-values,  and m’, reflect the change in solvent
accessibility associated with the formation of thiansition state in the refolding and
unfolding reaction, respectively. For a 2-statectiea, the addition of mand m* will equal

the m-value measured using equilibrium denaturagiqreriments:
- :
Meg™ M+ M, (113)

Also AG can be calculated from the kinetic data and shagtee with that obtained directly

from equilibrium data (Myers et al., 1995).

1.3.2.4 Transition state

The protein must pass through a higher-free-enaggition state between the
unfolded and native low-free-energy states. Thesiten state is intermediate between the
folded and unfolded states in the degree of exgosusolvent as shown in (Figure 1.3)
(Matouschek et al., 1994)he transition state is characterized by two priggewhich are
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the Tanford valud}r, and the Phi valu&) (Fersht, 1999). The Tanford valyig, is a
measure of the average degree of exposure inghsition state relative to the state that of
unfolding from folding and, as such, an indicatbthee compactness of the transition state
ensemble.f{y) can be calculated from the equilibrium and kioeti-values (Matouschek and
Fersht, 1993).

Br = 1- (Munt / (Muns + Me) (1.15)
Whenpry is close to 1, the transition state solvent-agbkssurface area is close to that of
native protein,where gk is close to 0, the transition state is close éuhfolded state
(Matouschek et al., 1994).

The® values are another measure of structure in préaddimg transitions states,
which give site specific informatior® is defined as the ratio of the energetic destadiibn
introduced by the mutation to the transition stegesus that introduced to the native folded
state. The phi values have been used extensivelyai@cterize the structure of protein
folding transition states at atomic resolution @ér, 1999). In Equation (1.18p,is the ratio
of the difference in free energy determined inuhéolding direction between mutant and
wild-type protein to the difference in the overfadle energy:

Dy =AAG AAGeq (1.16)
whereAAG,* represent the energy difference between the tiansitateand the folded state
for the WT proteinAAGeqrepresent the energy difference between the nstate and the
denatured state.
AAG, = -RTIn (k /ks) (1.17)
d-value near 0O indicates that the region surrounthegnutation is relatively unfolded in the
transition state, while @=1 indicates that the local structure around théatran site in the

transition state closely resembles the structuthemative state.
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B-trefoil proteins are of interest for folding stadibecause this is an abundangdtld, that
is relatively large and may exhibit interesting gdexities relative to smaller proteins. The

structure and folding of-trefoil proteins will discussed in more detailtire next section.

1.4 B-Trefoil proteins

Beta-trefoil proteins possess distinct functionsl arccur in different subcellular
locations. Proteins with this structural fold indlumany superfamilies: Cytokines (including
basic and acidic fibroblast growth factors (FGR}etleukin-B (IL-1B)); MIR domain; Ricin
B-like; Agglutinin; STI-like (Kunitz (STI) inhibites; Clostridium neurotoxins); DNA-binding
protein LAG-1; AbfB domain; and Actin-crosslinkingroteins (Fascin, Hisactophilin)
(Andreeva et al., 2004). Thetrefoil structure (Murzin, et al., 1992) is forméy a six-
stranded3-barrel closed off at one end by thfedairpin structure, illustrated in (Figure 1.5),

which shows ribbon representations of atrefoil proteins whose folding has been

Interleukin 1-p (211B) Hisactophilin (1HCD) FGF (2AFG)

Figure 1. 5 Ribbon representation of3-trefoil proteins.
B-strand are shown as blue arrows, and loops agrthetubes, this diagram was prepared using thgrano
MolMol, (Koradi et al., 1996) and PDB accessione®dHCD, 211B, and 2AFG.

B-trefoil proteins fold very slowly despite havindgaav contact order. It has been proposed

that allp-trefoil proteins are homologues, descended framoramon ancestor (Ponting and
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Russell, 2000). Thegetrefoil proteins have less than 10% sequence hogyobut
nevertheless retain the same overall fold (Murzial.e 1992). Irf3-trefoil proteins the
arrangement of the three units gives the molecpleeado 3-fold axis of symmetry.
Hisactophilin and othe-trefoil protein family members are interesting rabslystems for
studying protein folding, and how highly diversggences can adopt highly similar

structures, due to the wealth of information thes been collected on these systems.

1.4.1 Duplications

The structure of-trefoil proteins can be equally divided into theedddomains of
approximately 40-60 residues, which have structooahology each related by a pseudo-
threefold axis of symmetry through the barrel aXisere is a high degree of sequence and
structural conservation between the three subdawalinch suggests that @Htrefoil proteins
have evolved from a series of gene duplicationyfed..6 (Dubey et al., 2005)). (Figure 1.6)

illustrates how gene duplication events could gise to a beta-trefoil domain.

Protein Tertiary/Quaternary Structure

______________

E= 1 repeat 'E [E IEI One domain homotrimer
J ' i (1 [ -trefoil)

duplication
@ EE‘-‘; Twao domain homoiriner
- e B (2 [(3-trefoils)
duplication

R J:Q E E,]'l}d E Four domain homaotrimer

{4 [ -trefoils)

B T L e e

partial duplication
FGF, IL-1
- (1 3 -trefoil)
duplication
Agglutinin, Ricin
(2 [ -trefoils)

Fascin (4 3 -trefoils)
Figure 1. 6 Hypothetical scheme fop-trefoil protein.

Show how moderrB-trefoil proteins could have arisen from a progenisingle repeat (R) that formed
homotrimers from a series of gene duplication ev@Rbnting and Russell, 2000).
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1.4.2 Common ancestor

Proteins that share similar function ofteméhaimilar folds; this is thought to be a result
of descending from a common ancestral protein. Wahsuperfamily however, functional
divergence is actually very common (Watson et28l05). In addition to analyzing structure
and sequence databases (Figure 1.7), analysie setfuence space of gtrefoil proteins
have lead to conclusion that a second group of betding proteins (Fascins) and other
proteins of unknown function afetrefoil homologues (Ponting and Russell, 2000).

As structure is better conserved than sequensactoiphilin likely evolved from a
common ancestor. There are however, residues wtikiproteins that are conserved to allow
for the high similarity in folds (Murzin et al., 29). These minor sequence similarities as
shown in (Figure 1.7) have led (Ponting and Rus26D0) to the conclusion th@dtrefoil
proteins may have descended from a common prote®stor which was a homotrimer of
trefoil elements. Hisactophilin isfatrefoil protein is an interesting model systemdardying

protein folding, which will be discussed furthertire following section.
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Figure 1. 7 Multiple alignments of representative-trefoil proteins sequences.

Residues are colored if >60% of sequences at digoshare the same amino acid property. Yellovoaois

hydrophobic amino acids; blue is polar amino acskondary structure is shown beneath the sequénces

some proteins (reproduced from ((Ponting and RLsX@0)).

1.5 Hisactophilin

Hisactophilin is a histidine rich, actin bindingopein found in the highly motile

amoeboid cells of the slime moldjctyostelium discoideum (Scheel et al., 1989)n D.

discoideum, hisactophilin exists free in the cytoplasm aslwasimembrane bound (Scheel et

al., 1989). Also, this protein exists in two isof (denoted as Hisl (13.5 kDa) and Hisl|

(13.7 kDa)), which are very similar in sequence fumttion (Hanakam et al., 1996). We will

focus here on Hisl, which is the form that has belearacterized in most studies.
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Hisactophilin consists of 118 amino acid residuestdch 31 are histidine for Hisl .The
primary amino acid sequence of hisactophilin issghan (Figure 1.8) 28 of the histidines are
located on the surface of the protein in turnslangs exposed to solvent (Figure 1.9).

GNRAF®KSHHGHF L. SAEGEAVKT HHGHHDHHT HFHVENHG
GKVALKTHCGEKYL SI GDHKQQVYL SHHL HGDHSL FHLEHHG
GKVS| #KGHHH HY!| °° SADHHGHVSTKEHHDHDTTFEE! | |

Figure 1. 8 Primary sequence of hisactophilin.

The sequence is shown on 3 lines which correspoitidet 3 trefoils. The 3 trefoil units are alignedshow the
internal 3-fold symmetry characteristic of tBerefoil fold. Colored numbers indicated the mudatiin the
hisactophilin gene that are characterized in thésis.

Figure 1. 9 Side view of hisactophilin structure.

The structure is colored to highligpthairpin formed by3-strands: 1- 4 (red), 5-8 (yellow), 9-12 (blue).eT3l
histidine residues are shown in yellow. The ribldaagram was prepared using the program MolMol (idoed
al., 1996).

The histidine residues have pKa values of ~ 6anhihhond et al., 1998) (Figure 1.10)
which favours binding of hisactophilin to negatiweharged species (like Actin) at pH lower
than ~7. The high histidine content results insoelectric point of 6.9. Most of the residues
are hydrophilic which makes it water soluble. Hisatilin is folded within the pH range

from 4.7~10.7; below 4.7 it exists in an unfold¢ake.
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Figure 1. 10 Bubble diagram representation of theteucture of hisactophilin.

Each residue in the protein is depicted by a ejralith residue numbers given inside the circlado@ coding
represents the different pKa values for each aragid. Hydrogen bonds between residues are shovimdkgn
lines. From this figure th@-trefoil structure is clearly evident. The $ixstrands in the centre make up fhe
barrel, while the threp-hairpins are shown around the edges (Hammond, €t2$18).

1.5.1 Hisactophilin structure

The three-dimensional structure of hisactophils been solved by NMR
spectroscopy (Habazettl et al., 1992). The strecvdif-trefoil fold in hisactophilin consists
of 12 antiparallep-strands arranged around a 3-fold axis of symmetry.

Each trefoil unit consists offap-p-loop4 motif, where the first and the fourfih
strand of each unit make up an anti-pardgisheet. Three of thegesheets (one from each
trefoil unit) form ap-barrel (strandg1, p4, 5, 8, B9, p12) (Figure 1.10). The three
remaining pairs of antiparall@thairpins (the strand¥®2-3, f6-p7, andp10{411) pack
together to form a triangular hairpin triplet (FiguL.10). The N- and the C-terminus are

located close to the central axis (Habazettl etl@92). There are 18 structurally conserved
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hydrophobic residues ig+trefoil proteins that can be subdivided into ftayers (Figure
1.12), middleB-barrel layer (M), bottonfi-barrel layer (B), uppes-hairpin layer (U), and

lower B-hairpin layer (L) (Figures 1.11 and 1.12).

Hydrophobic Residues
are Structurally Conserved in B-Trefoils

B-Barrel B-Hairpin B-Hairpin B-Barrel

Strand 2 Strand 3 Strand

Strand 5

T M B
TDKVRI G 8P WWT V V E
S2GEVYI BQFLAMDT
IL-1[355IPVAL SLYLSCVL
RTB1 | B2KCLTTYG
L | D

Y
HS SIKYLSI G

Strand 10 Strand 11
L

N SRLVVT

K MRSKLG

S BIPVFLG

T WTLTVQ

u
WA S| G
WWFE V G
IL-1B 108N K L WY | S

[
L
T
RTBL WLV LA A
HS 86K UHY | S 04 v 5 T K

Figure 1. 11 Sequence alignment of the 18 conserviegdrophobic residues ing-trefoil proteins.

The hydrophobic conserved residues are shown mdilor, Erythrina caffra inhibitor (ETI), Fibrolstagrowth
factor (FGF), Interleukin 1-Beta (ILB}, Ricin B (RTB1), and Hisactophilin (HIS) (Murzit al., 1992). Above
the aligned sequences, T, M and B indicate resiglut®e top, middle and bottom layers, respectivedfthel-
barrel, while U and L indicate residues in the upaed lower layers, respectively, of the hairpiiplat. The
residues in the layers are shown within the higattim 3D structure in Figure 1.12.

The 18 conserved hydrophobic residues appear isaiime symmetry related positions in each
symmetric trefoil element. Twelve out of 18 hydropit residues in hisactophilin are located
inside the barrel and stabilize this structure. dpelayer is closer to the open end of the

barrel, is partially exposed to solvent and displag significant sequence similarity with the
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known B-trefoil structure. The remaining conserved hydaph residues are three residues

from the upper and three residues from the Igveairpin layers (Figure 1.11).

Top fi-barrel layer
4 Middle p-barrel layer

<— Bottom f-barrel layer

< Upper p-hairpin layer

Lower B-haimpin layer

Figure 1. 12 Ribbon representation of hisactophilinllustrating conserved layers.

Side chains of residues in various layers are shiowstick representation. The ribbon diagram waspared
using the program MolMol, yellow color is the t@gbarrel layer, red color is the middgebarrel layer, blue
color is the bottonf-barrel layer, green color is the upgenairpin layer, and orange color is the lo\genairpin

layer (Koradi et al., 1996).

1.5.2 Stability and folding of hisactophilin

It was determined that unfolding of PWT (with 4 raxamino acid) hisactophilin is
greater than 90% reversible for urea-induced uirigldnd at least 80% reversible for thermal
denaturation (Liu et al., 2001). For stability me@snents of WT and mutant hisactophilin,

chemical denaturation by urea was used.

1.5.2.1 Previous equilibrium studies on hisactophilin

The stability and folding of PWT and WT hisactdphhas been characterized in
detail previously in our group. Fluorescence andr@&asurements were used to monitor
equilibrium urea and pH denaturation curves (Lialet2001). PWT and WT denaturation by
urea is reversible from pH 5.7 - 9.7 and data étlwo a 2-state transition between native and

denatured states (Liu et al., 2001) (Figure 1.M®)Fhisactophilin has moderate and
19



approximately constant stability from pH 7.7-9.@wever below pH 7.7 stability decreases
dramatically, most likely due to the electrostaéipulsion of positively charged histidine

residues.

Fraction Unfolded

0 2 4 6 8 10
[urea] (M)

Figure 1. 13 Fluorescence-monitored urea denaturain curve of PWT.

As a function of pH conditions: pH 5.%), pH 6.7 @), pH 7.7 ¢), pH 8.7 &), and pH 9.7 «f), displayed in
terms of the fraction of unfolded protein. PWT disbincreases markedly from pH 5.7 to 7.7 andnthemains
relatively constant from pH 7.7 to 9.7 (Liu et &001).

PWT has a characteristic CD spectrum similar totwhaxpected of an gb-protein. The
native spectrum contains broad minima at 209 nm2&@dnm and a maximum at 227 nm

(Liu et al., 2001) (Figure 1.13).

[0] x10* (deg cm? dmol™)

180 190 200 210 220 230 240 250 260

Wavelength (nm)

Figure 1. 14 CD spectra of PWT hisactophilin.

Spectra obtained of protein at 20°c, pH 5.7 (50 KiNM,PO, /K,HPQ, buffer with 1imM EDTA and 1mM DTT,
protein concentration 2.3 mg ™lin 0 M urea (solid line), 3 M urea (dashed lime)d 8 M urea (dotted line)
(Liu et al., 2001).
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Figure 1. 15 Fluorescence spectra of PWT hisactoitin.

Spectra obtained of protein at 20 °c, pH 5.7 (50 KiNb po, /K, Hpo, buffer with 1mM EDTA and 1mM DTT,
protein concentration 0.24 mg Ml in 0 M urea (solid lower line), 3 M urea (dashét) and 8 M urea (top
solid line) (Liu et al., 2001).

Even though the fluorescence signal of WT hisdatopis low, it is still valid as a
probe for structure. Fluorescence studies of PWiN&M hisactophilin show a spectrum that
contains a maximum at 306 nm both in the absendg@aesence of urea and the intensity

increases with increased urea concentration asrsho(Figure 1.14) (Liu et al., 2001).

1.5.2.2 Previous kinetic studies on hisactophilin

The PWT and WT hisactophilin, have been studigdiding optical and quench-flow
NMR methods and have been compared with the fgldirfolding process of oth@rtrefoil
proteins, 1L-B and FGF (Liu et al., 2001). MoBttrefoil proteins, fold slowly through a
population of intermediates. In the case of PWT AAdhisactophilin folding, folding is
relating fast and apparently occurs via a two preigess except under the most native
stabilizing solution conditions (Figure 1.15). Hit@philin dose not contain any prolines, so
the slow phase cannot arise from proline isomaardLiu et al., 2001). Furthermore, the
folding kinetics were measured at low protein cariion, so the slow phase dose not have

property chractristics of a phase caused by praggregation. The folding intermediate for
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WT hisactophilin was found to resemble that foumd -1 but differs from that of FGF.

These differences are thought to be due to theréifices in the non-conserved loops.

st pH5.7 ! pH7.7 i pH7.8
F in H,0 1 in H,0 i in D,0

[Urea] (M)

Figure 1. 16 Observed unfolding and refolding rate$or hisactophilin at 20°C.

Measured by CD (open circles) and fluorescencéd(sopen, quartered squares).Conditions: (A) pHis H,0,

(B) pH 7.7 in HO, (C) pH 7.8 in O. O observed CD rates used for the ditpbserved fluorescence rates used
for the fit, 0 observed fluorescence rates not used for thHfigbserved rates of the slower refolding phase in
D,0 at pH 7.8 (Liu et al., 2001).

1.6 Folding of FGF

Several mutational studies on Fibroblast GrowthtéiadGF) have been performed in
order to assess the stability and folding of flatsefoil structure (Brych et al., 2001). These
mutations are located within the hydrophobic certher structurally conserved or non-
conserved, and in various turns and loop regidnsrder to increase the overall stability
of the structure, the hydrophobic core must be gngpacked, the energy associated with
bond strains minimized and the relative rate ddiftd and unfolding should be increased
and decreased, respectively. The folding rate eandreased by the efficient packing of
the hydrophobic core or proper positioning of selarg structure elements so that they can
readily adopt their native state. Based on the thgsis that an increase in trefoil
symmetry would result in increased protein stahilibutational targets were identified in
the structurally conserved residues within thediott-barrel, lower-hairpin and uppe-

hairpin (Figure 1.17) (Table 1.1).
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Figure 1. 17 FGF Mutations.

The ribbon diagram was prepared using the progranidl green color indicates to V51G, orange col606,
magenta color H93G, blue color L44F, pink color ¥78yan color L1111, brown color V109L, and Palegn
color AL104 (Koradi et al., 1996).

The stability measurements of mutants relativénéoWT protein are summarized in (Table
1.1). Of the 4 structurally conserved single pomitants only L44F, located in the bott@m
barrel layer, resulted in an increased thermostgabivhich was attributed to the partial
occupation of a microcavity by the bulkier sideioh#&n otherp-trefoil family members,
interleukin-Jn andP and WT hisacophilin have a F residue at the positbrresponding to 44
in FGF and F is most frequent in all 3 paternsjmeats 2 and &, so this supports the
hypothesis that an increase in trefoil symmetry d@easult in increased protein stability. In
addition, spatially proximal | 25 partially shifisom the WT conformation filling an
additional microcavity, and contributing to the ealemutant stability (Brych et al., 2001).
The destabilizing effect of the other single pemitations was attributed to an increase in

overall cavity space within the core due to lestable packing of the core residues. Also the
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observed decrease in folding rates (Brych et @D,12Kim et al., 2003) were attributed to a

reduction in the total buried area.

Table 1.1: Summary of difference in Gibbs free engy between WT and mutant Fibroblast Growth

Factor
Mutation/Deletion Location AAG
(kJ/mol
L44F Structural Conserved Core -2.9
L73V? Structural Conserved Core +6.1
v109L* Structural Conserved Core +2.4
C117V? Structural Conserved Core +1.2
L111P Structural Conserved Core +1.0
L73Vv/v109Lt Structural Conserved Core +3.7
L44F/L73V/V109L} Structural Conserved Core +0.6
M67I? Core +9.4
F22Y° Mini-core -0.6
A104-106 Loop Insertion -1.6
A120-123 Loop Insertion NP
22 Structural Conserved Core 5.3
32 Structural Conserved Core 3.2
4h2 Structural Conserved Core 1.9
i3 Structural Conserved Core +0.2
5th/A104-106 Structural Conserved Core+ Loop Deletion -7.6
5th/A120-122 Structural Conserved Core + Loop Deletion +1.1
5thiAA® Structura IConserved Core + Loop Deletion -15.9
63 Conserved and non-conserved core +10.2
6th/A104-106° Conserved and non-conserved core + Loop Insertion -2.8
6th/A120-122 Conserved and non-conserved core + Loop Insertion +5.4
6th/AA® Conserved and non-conserved core + Loop Insertion -16.1
S50G/V51G Turn -1.3
E49G/S50G/V516 Turn -04
H93G' Turn -8.3
G52H' Turn 5.5
S50E/V51N/G52H Turn 3.6
E91S/N92V Turn 5.7
E91S/N92V/H93d Turn -2.8

2"mutation (L73V /V109L)

3 mutation (L44F/L73V /V109L)

A" mutation (L44F/L73V /V109L/C117V)

5th mutation (L44F/L73V /V109L/C117V/L111l)

6th mutation (L44F/L73V /V109L/C117V/L111I/M671)
AA double deletion mutamt104-106 and\120-122

NP — Not published
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AAG = AGwr-AGmytant
(Brych et al., 200%) (Kim et al., 2003), (Brych et al., 2004) (Kim et al., 2005}

The stability resulting from combinatorial mutatgocannot simply determined by the
summation of the individual point mutations sinlse &ffect of a single mutation is not
localized to a single position within the protdiuit rather propagates itself throughout other
portions of the structure. Therefore a selectivalmoatorial approach was used along with
experimental measurements to assess the effeatlopla mutations.

Residues L44, L73, V109 and C117 @utation) in the structurally conserved core regién
FGF were mutated to the consensus residue fouRairhe 3 trefoils. The™, 39, 4"andthe
5" mutations in FGF were less stable than the WT tdirtroduction of strain and creation
of a cavity. The combination of the 6 mutation)(®at has the highest symmatry for the
core residues (Table 1.1), is less staAeG =+10.2) than the wild type due to the resulting
distorted tertiary structure (Brych et al., 20@3ased on sequence comparison of the three
trefoils, insertion regions were identified in thomp regions, residues 104-106 and 120-122.
The reduction in the loop length is expected tbiite the structure due to a decrease in
entropic energies. The optimal symmetric packirigractions within the core region of FGF
were achieved by including double loop deletionatiahs 104-106 and 120-122 designed to
increase the tertiary structure symmetry (Dubesl.e2005).

Turn point mutation A103G in the turn resultedaimincrease in stability since glycine
at i+3 position in type B-hairpin turns either 3:5 or 4:6 type is a key cimitor towards
increasing the rate of folding of the native prot@rych et al., 2004; Lee et al., 2006). Three
different combinations of glycine mutations (E4®50G, 51G) and (E49G, S50G, V51G),
in theB4/p5 turn, were more stable than the WT protein anceimsed the rate of folding
(Kim et al., 2003). The results indicate that tegidues within the turns are not a primary

determinant of the turn structure, but do havegaiicant influence on protein stability and
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folding. Substitution of th@8/89 (E91, N92, H93) turn primary structure int@4p5 (S50,
V51, G52) turn, which include the V51N and G52Hrggaonutations S50E, V51N double

mutants, had no effect on protein stability or fiogpkinetics (Kim et al., 2003).

The substitution of thg4/ 5 turn primary structure in®8/p9 turn, and the converse
substitution of thg8/B9 turn primary structure intp4/ 5 turn were observed to destabilize
the protein in both cases. This turn formationnot@ins is influenced more by the local
environment than by the turn sequence itself (Katral., 2005)(Lee, et al., 2006).

However, in a recent study, protein folding colbdstome faster if the six residue loop with
an internaP-turn was transformed into a five or four residuentwith a sequence optimized
to reverse the direction of the polypeptide ch&@adchongkit et al., 2006).

In interleukin 1-beta (IL-f) mutation was done in some conserved residuesl{10146Y,
F101W, F146W, F101l, F146l, F101L, and F146L). &lthese mutations severely
destabilized of the IL{1 which is F in other beta-trefoil members. Thesgsepbations indicate
that aromatic residues at those positions have $oldieg and stability of beta-trefoil family

(Adamek et al., 2005).

1.7 Folding and stability
1.7.1 Symmetry

B-Trefoil superfolds exhibit symmetric tertiary sttures that have been postulated to
have evolved via gene duplication and fusion ev@tsiting and Russell, 2000) (Brych et al.,
2003). The sequences of different superfamiliesrarg diverse, and there is also great
divergence within the superfamilies. Although therary amino acid sequences of
hisactophilin, 1L-B, and FGF have < 10% sequence identity, the resicesponsible for
stabilization of the barrel are conserved as hylobc amino acids as shown in (Figure

1.17) (Murzin et al., 1992).
26



The six stranded barrel is stabilized by the pagkihlarge hydrophobic residues in the
interior of the protein close to the barrel axis.

The goal of the experiments described in thisishedo increase the tertiary structure
symmetry within g-trefoil to investigate whether this will lead to ancrease in stability, by
a series of point mutations that determine thecésfef the residues on the stability of
hisactophilin. Different types of mutations weredeaaone in a turn, one in a minicore and the

others in hydrophobic core regions.

1.7.2 Turns

B-turns are common structural motifs in proteing] #rey are short regions of nan-
and nonB conformation. Turns are a central componerg-béirpin nucleation and
stabilization -turns change the direction of the polypeptide rlzaid allow secondary
structure elements to form tertiary interactionsfaswn in (Figure 1.18Wilmot and
Thornton, 1988). Turns involving four residues mr@st common, hydrogen bonding occurs

between the carbonyl of the first residue and tke of the fourth residue.

Figure 1. 18 Commong-turns conformation.
(i) is the first residue in the-turn, ( i+1) is the second residue in fhéurn, ( i+2) is the third residue in tifie
turn, and (i+3) is the fourth residue in fheurn (Wilmot and Thornton, 1988).

Turns typically involves residues at the surfatpeptides that can hydrogen bond to
the solvent when not bonded to each otReurns are the most common type of non

repetitive structure recognized in proteins, anthgoese about ~25% of the residues. Despite
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this abundance, less is understood regarding thigilootion of turns to the structure, stability,
and folding of proteins than foerhelices ang-sheets. One reason for this lack of knowledge
is thatp-turns appear to be far more varied and complex #ithera-helices of3-sheets (Li

W, 2005). There are preferences for particular anaitids at certain positions within the turn
Proline and glycine are very common in turns (Hurtsbn and Thornton, 1994; Wilmot and
Thornton, 1988).

Glycine has different unique properties not inhéte other amino acids. Having the
smallest side chain (H), glycine can assume cordtioms normally forbidden by close
contacts of th@-carbons; thus it is more flexible than other ras&l making it valuable for
pieces of backbone that need to move or hingei(fPatral., 2005). All glycines and most
histidines in WT hisactophilin are located in tbheps and turns (Habazettl et al., 1992)
(Figure 1.9).

From the multiple sequence alignment, hydrophégidues are more likely to occur in
turns than hydrophobic residues, because turnsttebe solvent exposed. There arfg 8
turns in WT hisactophilin (Habazettl et al., 199Pyrn f1-2 (connecting strands 1 and 2),
B2-B3, B4-p5, p5-B6, p6-7, P89, p9-410, and310411. The types of turns found in WT
hisactophilin as determined by NMR (NOE pattermg)the most common types possessed by
all proteins, mainly types I'and I, (not all thetis in hisactophilin are actually defined by the
NMR data). Glycine is commonly found in the firesidue of th@-turns, and almost
exclusively at the second position of the turnbdith type I'and type II'the hydrophobic
amino acids are under-represented at all turnipasi{hydrophobic amino acids contain
branched ¢). In type I'glycine is the preferred residue asifion i+2, while in type II'glycine

shows a significant preference at position i+1 (Bleet al., 2003).
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1.7.3 Loops

Loops are an irregular secondary structure mfifroteins, consisting of 6 to 16
residues, with various lengths and irregular shéfigen they connect two adjacent
antiparallelB-strands they called hairpin loops, and short Inaiigops are called turns. Long
loops are also sometimes called “random coilshalgh they are not random because they
exhibit some amino acid and some structural prafesg Furthermore, amino acids in loops
often are not conserved. The main chain CO and s do not hydrogen bond with each
other, but are exposed to the solvent and can fiyanogen bonds with water molecules.
Loops are the most mobile parts of protein strgtas shown by NMR solution and X-ray
temperature factors. They play an important rolprotein function, and they are often the
most difficult structure to model. The loop regi@mnecting secondary structures
demonstrate less regularity in their conformati@ven though short loops linking specific
secondary structures can be classified into disgraups (Panchenko and Madej, 2005) . The
loops in proteins are less well characterized tharsecondary structural elements that they
connect (Nagi and Regan, 1997). Long loops assifiad based on the distance between the
ends of the loop and of adjoining secondary streciuto: long closed loops connect adjacent
regions of secondary structure, and long open lgopsect distant secondary structure.

Mutational study of selected proteins reveals thatpresence of proline and glycine
residues in the loops @thelical structures generally enhances the stracstability of the
system. The proline residues are very rigid andenth& loop region more stable, while the
glycine residues are flexible and thus sustain rabgte loop movements and stabilize the
structure (Haspel et al., 2006). Hisactophilin Isajiffer from othep-trefoil proteins like

FGF and IL-B, which are considerably shorter and more hydrapHilisactophilin loops
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have a sequence variability as shown by NMR, thrsability is believed the cause of the

high flexibility of the loops (Habazettl et al., 93).

1.7.4 Main hydrophobic core

In a globular single domain protein, hydrophiksidues tend to be on the surface of
the molecule. Surface residues are relatively lillexand can adopt alternative conformation.
Hydrophobic side chains of residues are generaltk@d together inside the molecule,
excluding water to form anhydrous cores.

Hisactophilin possesses a centrally located adraracteristic of alp-trefoil family
proteins (Priestle et al., 1989) with a common bptiobic core volume of 3000 +/- 120 A.
As described earlier in Section 1.5.1, there aredi&erved hydrophobic residues that form
the main hydrophobic core in hisactophilin coréran each symmetry unit, three residues
from the lower hairpin layer (L), three residuesnfrthe upper hairpin layer (U), and twelve
residues from the bottom and middle layer offiH®arrel (B) (Figurel.11). The bottom (B)
and middle (M) layers of th@barrel contribute to the packing of the barreles@nd large
hydrophobic residues occupy these positions. Thgdeophobic residues have low solvent

accessibilities and are in close contact with exhbr.

1.7.5 Mini-core

FGF contains an outer mini-core within each ofttireep-trefoil folds that includes a
pair of buried hydrophobic residues, these residwesot part of central core. In WT FGF
protein contains Y or F at these positions (F22,Fa08, packing against 142, C83, and
1130), both point and double mutations were designeancrease primary structure symmetry

within the minicore region(Dubey et al., 2005) hisactophilin there is a absence of this
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mini-core like FGF, but a point mutation was mad&13Ywhich correspond to F22Y in

FGF.

1.8 Thesis objectives

This study focuses on depth biophysical analystek@WT and mutant hisactophilin.
This analysis was performed as an attempt to cteaiae the effects mutations have on the
stability and folding of WT hisactophilin. More spgcally, the role that specific turn
residues play in protein folding was investigatBldese studies were done in an effort to bring
new insights into protein folding.

The aim of chapter 1 is to focus on recent efftotsnderstand protein folding,
starting by discussing the nature of the proteldifg problem and how the of folding of
small single domain proteins is analyzed.

In this study, site directed mutagenesis as dasdrin chapter 2 was performed to
introduce a primary structure within hisactophtlvat reflects the threefold tertiary symmetry
present within th@-trefoil superfold. The goal of the study was tentify an appropriate
solution to such a symmetric constraint within tiyelrophobic core of the protein. To achieve
this, specific point mutations in hisactophilin (eanutations & minicore angtturn
mutations) were created to establish primary stinecsymmetry within hisactophilin that
reveals the threefold tertiary symmetry presentiwithep-trefoil superfold family. The
mutations are shown in (Figures 1.8 and Figure ari®@Table 2.1).

Chapter 3 describes the stability results of thielding pathway of WT and mutant
hisactophilin determined by fluorescence and CD itocgd chemical denaturation. To further
characterize the unfolding pathway, the rates lofifig and unfolding were measured by

kinetic renaturation and denaturation methods noosit by fluorescence.

31



Figure 1. 19 Hisactophilin Mutations.

Ribbon representation of the hisactophilin struetwith mutated residues shown in stick represemtasind
labeled with wild type residue and amino acid numiolowed by mutated residue, in single letter eodhe
ribbon diagram was prepared using the program Mblhad PDB code 1HCD (Koradi et al., 1996).
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Chapter 2: Methods
2.1 Hisactophilin plasmid (pHisl)

The hisactophilin gene (cDH516) was initially sldmed into the plasmid pIMS5 to
generate pHisl (Simon et al., 1988). This plasnudes for 4 additional amino acids (Gly-
Glu-Phe-Gly) at the N-terminus of the protein (Hadtd, et al., 1992). The inserted amino
acid codons were deleted from the original plashydsite-directed mutagenesis yielding a
plasmid designated pHW (Figure 2.1) (Wong et a04). pHW1 also contains thg
lactamase gene for ampicillin resistance and apriogyl$-D-thio-galactosidase (IPTG)

Ptacpromoter.

2.1.1 Plasmid preparation

Plasmid DNA was isolated using the HiYieldTM Pladniliniprep Kit (United
Bioinformatica Inc, Canada). The DNA transformedlt®82 by Electroporation, from smear,
isolated colonies are picked and streaked on 50@nhamp plates. From isolated that plate,
colonies were selected and used to inoculate amme&ia streaked on a final amp plate. 10
ml LB media grown overnight @ 37°C and used to uhate 5 ml amp LB media (1/100)
using 50ul of the starter culture. Cells grown tadlog phase Oky 0.7 add 34pg/mi
chloramphenicol, to a final concentration 170pugMdded HiYieldTM Plasmid MiniKit-High
Copy Number Protocol according to manufacture’eations. The concentration of purified
plasmid DNA was determined by measuring the,§Dwhere one unit optical density at

ODggo Ccorresponds to approximately pQ /ml of DNA.
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Figure 2. 1 Construction of the pIMS vectors.

tac P/O, tac promoter/operator; t1 t2, rrnB traipsicm terminator; PTIS, portabletranslation iniitbe sifters,
ribosome binding site; T, translation terminat®estriction sites are denoted as RI, EcoRI, Sm,|SBa
BamHI; S, Sall; P, Pstl; H, Handier, Sp, Sphl; 84 Pvull (Simon et al., 1988).
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2.2 Designing hisactophilin mutations

Hisactophilin mutations were designed based onesempanalysis between structurally
related trefoil subdomain within WT hisactophilag well as betweemomologous positions
for other members of the beta trefoil superfoldisTdnalysis wagdone by comparing
multiple sequence alignmeint Pfam (Bateman et al., 2004), and Psiblast (Al et al.,

1990) .

When designing the core mutations, attention wasl pa substitute hydrophobic
residues led with another hydrophobic residue ohyadrophilic residue with another
hydrophilic residue to avoid change in polarityig(ife 1.7) shows the multiple alignments of
B-trefoil proteins sequences (Table 2.1) illustratieel point substitution mutations that have
been made in hisactophilin. Based on conservediuesiin multiple sequence alignment
betweenp-trefoil proteins and statistical analysis pturn formation, H90G was designed.
This mutation is located in the typefFturn of the protein structure.

Based on Psi-BLAST analysis, hisactophilin sequesiieged clear sequence similarity
with Fascin. This similarity can be attributedie buried cores of thefi-trefoil structures
(Ponting and Russell, 2000). Related protein sezpgewere found using Pfam (Bateman et

al., 2004), Psiblast (Altschul et al., 1990), sesve

Hs GNRAFKSH HG H F°L SAEG EA EAVKTH HGHHDHH THFHVEN
Fac RTY VA AMD NG KFTIGP HPEGEG PNPEEI FALVKTP
FGF RPKLLYCS NG YFLRLP D GTVDGT RDRSDCH | QLQLCAESV
Hs GKVALKIH CG KYLSG HK QVYLSHH LHGDH SLFHLEHHG
Fac S K| SL KIG FG RYV GWDWS EY QLVAMAE Al GSR EQFVLVFQE
FGF GEV Y| KST ETG Q F L AVDT DGLLYGS NEE CLFLERLEEN
Hs GKVSI®KGH H® HYI%SAD HHG HVSTK EHHDHD TTFGEI | |
Fac GKTAF QAV SS PLFLSN KEG H YVA SRTATE NEMVNI R
FGF HYNT Y ISK HA WF V GLK KNG RSKLG HYGQ LFLPLPVSSD

Figure 2.2 Sequence alignment of the hisactophilimutations.

The F6 and 185 symmetric residues are shown inyd@rgnd orange color, F13 symmetric residues avestin
green color, H90 symmetric residues are shown igem& color, and 193 symmetric residues are shovigiue
color. Strand residues are in black color. Hisagilop(HIS), Fascin (Fac), and Fibroblast grovalstor (FGF).
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Table 2. 1 The point substitution mutations that hd been made in hisactophilin.

Residue mutation Locations| Trefoil number Explanatons
; To increase symmetry in
6 L Major core Trefoil 1 strand 1 Y y
Bottomp-barrel p-barrel
lavel
o Trefoil 1 strand 2 | To increase symmetry in
F13 Y Mini-core o o
B-hairpin B-hairpin
i To increase symmetry in
185 L Major core Trefoil 3 strand 9 Yl y
Bottomp- barrel p-barrel
layer
Tight turn To identify the role of
Type I . . -
H90 G Bt between strand 9 | turn in protein stability,
-turn
and strand 10 and increase symmetry
i To increase symmetry in
193 L Major core Trefoil 3 strand 10 Yl y

Upperf-hairpin

layer

B-hairpin

2.3 Site-Directed Mutagenesis

The hisactophilin mutations were designed to iniced a three fold symmetric
constraint in the primary sequence, consistent whtéh symmetry of theg-trefoil tertiary
structure. The mutagenesis primers were designéx tcomplementary to the hisactophilin
cDNA (Scheel, 1989) using the modified pHisl plagrf®imon et al., 1988) pHW as template
DNA (Wong et al., 2004). The mutations were gereetatsing the QuikChangsite-Directed
Mutagenesis method; silent mutations were incotedranto the primer so the correct
(stratagene) PCR product could be identified bypghtgern of restriction enzyme digestion
restriction site to facilitate identification of nants. The hisactophilin mutations F6L, F13Y,

I85L, H90G, and 193L were engineered into pHW (Wenh@l., 2004) using criteria described
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in the QuikChang®' site-directed mutagenesis kit (Instruction Manwat. No. 200518,

Stratagene). The primers were synthesized at (Semsys Oakville, ON), on a Scale: 3.0
D select, and purified by desalting. The primersesmgesigned to have a minimum guanine
and cytosine content (gc) content of ~40%, wheeedésired substitution was flanked by a
minimum of 10-15 bases of correct sequence onregide. The melting temperature of the
primers was designed to be close to 78°C (WatCuoiydysity of Waterloo website). (Table

2.2) lists the primer sequences, nucleotide suibstit of interest and melting temperatures of

the primers for the various mutants engineered.

Table 2. 2 The forward and reverse Primer sequenceand melting temperatures for the engineered

hisactophilin mutants.

Melting

Mutation Codon change Primer Sequence*
Temp

5’ g ggt aac aga gcT CtG aaa tca cat cac ggt ctia #ce gc 3°

F6L TtC—-CtG 77 °C
3’ gc gct taa aaa gtg acc gtg atg tga ttt CaG Aggtt acc ¢ 5’

5’ c aaa tca cat cac ggt cac tAC tta agc gct gaadd

F13Y (TtAL 3’ c gcc ttc agce gct taa TGa gtg acc gtg atg toa & m.rec

5’ cat cat ggc ggt aaa gtc tca CtG aaG ggt cataacac tac 3’

185L AC-CIG 3’ gta gtg gtg atg acc Ctt CaG tga gac ttt accaggatg 5’ 7.9°c

5'gtc tca atc aaa ggt cat caT GGc cac tac atyetg 3’

H0G CAe-GGe 3’ c agc gga aat gta gtg gGG Gtg atg acc ttt gagay 5’ 8.1°c

5’ got cat cac cac cac tac CtG tcc gcG gat cagjgiat 3’
193L AtT—CtG 77.6 °C
3’ g acc atg atg atc Cgc gga CaG gta gtg gtg giged 5’

The primer melting temperatures were calculatednftbe equation t= 81.5+0.41(%gc)-675/n-%mismatchere
%gc is the percent guanine plus cytosine compasi#ie mismatch is the number of substitution dividbgdn. n is
the total number of nucleotides in the primer *Maohes are given in capital letters.

In the polymerase chain reaction (PCR) the conagatr of reagents was 10x buffer 1
Expand Long Template with Mgg&ifrom Roche), dNTPs (from UBI, United Bioinformadic

Inc, Canada), 25 mM, 1.75 mM Template DNA, and iQilH,O to give a final volume of
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24.25 ul in each PCR tube. Expand Long Template PGIRRmerase (Cat. No.11 681 834

001, Roche Diagnostics GmbH, Germany) was used ObrA amplification during

mutagenesis.

Initial Elongation cycles were preformed with tweactions generate single strand
amplification product. The remainder of the PCR vpesformed with the two reactions

combined to generate, nicked, double-strand product

Table 2. 3PCR Programming protocols

Steps )
Temperature (°C) Time
Initial Denaturation )
92 5 min
Pause [Add 0.5 pl Expand Long Templd
PCR System DNA Polymerase mix]
Denaturathn 92 30 sec
Annealing 55 1min } Cycle
Elongation 68 20 min—’ 5 times
Pause
Complementary tubes pooled togetijer
Denaturation 30 sec
Annealing 92 1 min Cycle
Elongation 20 min ) 15times
55
68
Final Elongation 68 20 min

Thermocycling was performed using a Techgene theyoler (Techne. Inc. Barloworld
Scientific) using the parameters described in T&8 The PCR plasmids were incubated

with Dpnl to remove methylated template DNA priorttansformationE. coli cells (strain
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XL1-blue) were transformed with the PCR productsl®ctroporation followed by growth on
Amp containing agar plates overnight at 37°C. Ti@nsants were selected to grow culture
for plasmid isolation. Transformants containing spiéds with desired mutations were
identified by DNA sequencing using the sequencmerifor hisactophilin expression vector.
The concentration of purified DNA was calculated ragasuring the Ofgo, DNA samples
were sent for sequencing when appropriate (Mobental Facility, DNA Synthesis
Laboratory, The Institute for Molecular Biology amiotechnology, McMaster University,

Hamilton, ON).

2.4 Electroporation

Electroporation is a highly efficient method (nga80 %) of transforming plasmid
DNA into bacterial cells (Miller and Nickoloff, 189. Electroporation involves a structural
rearrangement of the cell membrane caused by thiecaipon of a short electric field pulse.
This electric field causes pore formation and theiny force to transport plasmids into the

cell (Weaver, 1995).

Electrocompetent cells were thawed on ice. To arclepedorff tube, 40 uL of
electrocompetent cells were added. To these de|ld, of plasmid was added. The mixture
was kept on ice, and transferred to a chilled edpctration cuvette (VWR Scientific). The
cuvette was inserted into an electroporation rig d@i Pulser, Bio-Rad), and 1.80 kV of
current run through the cuvette for 4 millisecond$e transformed cells were then
immediately added to 1 mL of SOC media (2% Bacyptone w/v, 0.5% Bacto yeast exract
w/v, 10 mM NaCl, 2.5 mM KCI, 10 mM Mgg| 10 mM MgSQ, 20 mM Glucose), and let
stand at 37 °C for 1 hour. 100 uL of the transfation media was then plated on selective

plates and incubated overnight to obtain putatiaesformants.
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2.5 Protein engineering
Luria-Broth (LB) media was prepared by dissolvirg d tryptone, 5 g yeast extract,
and 5 g NaCL (Bishop Canada Inc., Burlington, ONY L distilled deionized water (ddH20)

and autoclaved.

2.5.1 Antibiotic agar plate preparation

Antibiotic agar plates were prepared by dissolvirtyyg agar (Bishop Canada Inc) in 1
L LB and autoclaving to dissolve the agar. The om&twas cooled down to ~ 50 °C using a
water bath before adding 1Q@ /ml Ampicillin. The solution was then poured orglastic

Petri dishes, and the gel was allowed to settl{8hours before being stored at 4 °C.

2.5.2 Preparation of competent cells and transforation

The stock cell linesH Coli strains XL-1blue for cloning processes and BL2ESp
for protein expression) were inoculated in10 mLBf media and incubated at 37°C with 200
rpm of shaking overnight. 5 ml of this overnighttare was then used to inculcate 500 ml of
LB media which was allowed to grow to mid-log phagth an OQy, was reached 0.4-0.6 at
37°C with shacking at 200 rpm. Once the cells leadhied mid log phase they were placed on
ice for approximately 20 minutes. Cells were ham@dy centrifugation at 4000g for 15
minutes at 4°C. The super was removed and thewetls washed by resuspending in 500 ml
of ice cold sterile 10% glycerol (EMD pharmaceus¢caDurham, NC) .The cells were
collected again by centrifugation and the wash vegpeated with 250 ml and 20 ml of the
glycerol. The competent cells were resuspendedfinahvolume of 2 ml of 10 % glycerol;

flash frozen in dry ice as 80ul aliquots and stae80 °C.

40



2.5.3 Hisactophilin and mutant hisactophilin expresion and
purification

Hisactophilin and mutant hisactophilin plasmid wansformed intde.coli BL21 cells
by electroporation. Cells with the plasmid werdstst to ampicillin, the cells were grown in
Luria Broth to an optical density between 0.5-CGa8d induced with isopropyl-thip-D-
galactoside (IPTG) at a final concentration of 1 raMl grown for 4-8 hours at 37°C before

harvesting by centrifugation. As an exception Féllscwere grown at 25°C for 16 hours.

The purification of WT and mutant hisactophilin begvith harvesting the cells by
centrifugation. The harvested cells from WT andant{from 6 L of media) were suspended
on ice in 25-50 ml of buffer A (20 mM Tris pH 8.0,mM EDTA). Cells were lysed using an
EmulsiFlex-C5 homogenizer (Avestin Inc, Ottawa, Cdf)a pressure of at least 17000 psi
according to the manufacture’s directions. Thetlys@as incubated with 10 mg/ml DNase
and 5 mM MgC] on ice for one hour. After incubation the cell debwas collected by

centrifuging the lysate at 20000 g for 20 minute4°s.

The supernatant filtered using a Qua filter (from Life Sciences) and loaded onto a
DEAE Sepharose anion-exchange column (Sigma). iboptéd with Buffer A. Anion
exchange chromatography was performed at 4°C. Dhenls cell lysate was loaded at 3
ml/min onto a self-packed 2.5 x 50cm DEAE-Sepharésest Flow (Sigma chemical
company, St. Louis, MO) anion exchange column jpatbrated with 2 L of buffer A (20
mM Tris pH 8.0, 1 mM EDTA) using the BioLogic LP rdmatography system (Bio-Rad
Laboratories Hercules, A). The column was washat @0 ml of buffer A at 2 ml/min. The
protein was eluted using a linear gradient of 0-A4(M NaCL over 350 min at flow rate of 2
mil/min, WT and variants from mutagenesis elutedveen 140-240 mM NaCl. Fractions

containing hisactophilin identified by SDS-PAGEdontain hisactophilin were collected and
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concentrated to approximately 7.5 ml using a 3 kidoff YM-3 Amicon (Millipore,

Billerica, MA) filter.

The second purification step employed size exciusioromatography. A 5x 60 cm
G75-Superdex Size Exclusion column (Pharmacia,aRs@y, NJ) was equilibrated with 1
column volume (approximately 320 ml) of exclusiarffer (150 mM Ammonium Sulphate, 1
mM EDTA, 1mM DTT) using a BioCad Sprint perfusionromatography System (Perceptive
BioSystem, Ramsey,MN). The fractions from anionhexge chromatography were diluted to
15 ml with 2 x size exclusion buffer and injectattamthe column over 3 injections using a 5
ml loop. The protein was eluted with size excludmuifer at 3 ml/min. Fractions containing
hisactophilin were identified by SDS-PAGE; hisadtp containing fractions were
combined and dialyzed against 25 mM ammonium catsorand concentrated with a 3 kDa
cutoff YM-3 Amicon filter. The protein concentratiowas determined by absorbance
measurements at 280 nm using an extinction coeffiof 0.33 for a 1 mg/ml protein solution
(Liu et al.,, 2001). The WT and variant proteins evelivided into aliquots with desired

concentration, flash frozen in liquid nitrogen, pyolized and stored at -80°C.

2.5.4 SDS-PAGE

Polyacrylamide gels were made from 40% 37.5:1 aamde:bis-Acrylamide
(Bioshop), with the stacking gel being 5% polyaamilde (5% 37.5:1 Acrylamide:bis-
Acrylamide v/v, 0.125 M Tris-HCI pH 6.8 v/v, 0.19%S w/v, 0.1% ammonium persulfate
(APS) wlv, 0.1% Tetramethylethylenediamine (TEMEDY), and the resolving gel being
15% polyacrylamide (15% 37.5:1 acrylamide:bis-aamyide v/v, 0.375 M Tris-HCI pH 8.8

v/v, 0.1% SDS w/v, 0.1% APS wi/v, 0.05% TEMED v/v).
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To each sample well, 10 uL of sample was addeds @ere run with running buffer
(1.5% Tris-Base w/v, 7.2% Glycine w/v, 0.5% SDS Wt a constant voltage of 140 Volts
until the marker dye had begun to leave the gedls @ere stained using coomassie staining
solution (50% MeOH v/v, 5% glacial acetic acid vand 0.1% coomassie brilliant blue R-
250) for 3 hours with mild shaking at room temperat Gels were then destained with
destain solution (50% MeOH v/v, 5% glacial acetiar/v) for 6 hours with mild shaking at

room temperature.

2.5.6 Mass spectrometry

The protein samples of WT and H90G mutant hisaclioplvere prepared for
electrospray mass spectroscopy. The solution use$ contained 50:50 MeCN:B® and
0.2% (v/v) formic acid. Samples were analyzed usirdicromass Q-TOF Ultim& Global
instrument (supplied by the University of Waterlonass Spectrometry facility). The
calculated mass was determined by mass calculasong the amino acid sequent and then

the observed mass was compared to WT mass.

2.6 Spectroscopic probes used to monitor urea denaftion curves
2.6.1 Circular Dichroism spectroscopy (CD)

Protein secondary structural changes occurringndutirea denaturation may be
monitored by CD spectroscopy. Monitoring denatoratby CD utilizes circular polarized
light to determine the secondary structure of aigepCircular polarized light, unlike planar
polarized light, rotates with the frequency of tregliation (Woody, 1996). This type of
polarized light can be rotating in either a clockavior counterclockwise direction and is
labeled by convention as right-circular polarized #eft-circular polarized light, respectively

(Woody, 1996). During an experiment, a sample iposrd to alternating left-and right-
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circular polarized light and the absorbance of eachmeasured (Manning, 1989). The
difference in the absorbance is defined as theularcdichroism AA). When the CD is
collected over a range of wavelengths in the far-(¥ 180-260 nm) it will produce a CD
spectrum which is unique to the secondary struadfitdat protein (Berndt, 1996). The far-
UV region can report on both tertiary and secongamycture. The CD spectrum in the amide
region gives information about the secondary stmecbf the protein aa-helices,p-sheets,

turns and random coils have characteristic CD spégtthis region (Johnson, 1990).

2.6.2 Fluorescence measurements

The second optical probe to be used for monitouirgga denaturation of (WT and
mutant hisactophilin) is fluorescence spectroscdpyorescence emissions are observed
when an excited electron returns to the groundeshkst releasing energy as light. The
fluorescence emissions will be limited to certajpedes within the sample known as
fluorophores. In the case of proteins, fluorescesrgginates mainly from the aromatic amino
acids phenylalanine, tyrosine or tryptophan (Schrh@B9). The fluorescence that is emitted
from a fluorophore is highly dependent on the pbidiemical properties of the surrounding
environment (Szabo, 2000). This condition existsabige the long lifetime of the excited state
allows for a variety of interactions to occur prtoremission. These possible interactions can
greatly modify the fluorescence emissions of a @mot(Schmid, 1989). since the local
environment of the fluorophore is highly dependambn the tertiary structure of a protein, a
dramatic change in tertiary structure, such as tdeatgon, will cause a significant change in
the fluorescence spectrum (Schmid, 1989). Thesgquenproperties of fluorescence was
utilize to monitor the tertiary structure of WT andutant hisactophilin during urea
denaturation. Tryptophan is the most sensitive ripbore yielding a very good signal

whereas tyrosine yields much less and phenylalaisimarely observed in native proteins
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(Schmid, 1989). As well, fluorescence intensityd®rno be decreased as residues become
buried within the interior of a protein. WT hisaglolin has relatively weak fluorescence,
because it does not contain tryptophan and fluerese originates mainly from three tyrosine
residues: Y62 is exposed to solvent, while Y52 &8P are partially buried near the surface

of the protein (Figure 2.2) (Habazettl et al., 1992

Figure 2. 3 Location of tyrosine fluorophores in W hisactophilin.
The tyrosine 52 colored in black sticks, Y62 cotbii@ red sticks and Y92 colored in blue sticks. iib
diagrams were generated using MolMol (Koradi et1096) using PDB accession code 1HCD.

To determine the effects of the mutations on hggautin stability, urea equilibrium
denaturation curves was measured at different Bt 7.7, and 8.7). At pH 8.7 where the
protein has maximal stability and pH 6.7 has lowsstbility. It has been determined
previously that denaturation by urea is reversituen pH 5.7-9.7 and data fit well to a 2-state

transition between native and denatured statesdtLal., 2001).
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2.7 Equilibrium studies
2.7.1 Denaturation curve sample preparation

Urea denaturation curves were obtained by fluoresseneasurements using a 1 cm
pathlength cuvette in a Fluoro-22 spectrfluoromdéfmbin Y Von-Spex, Instruments S.A.,
Inc., NJ) that was interfaced to the fluoro-22 Mdbswvater bath system (RTE-211, NESLAB
Instruments Inc., NH). Fluorescence measurements made with an excitation wavelength
of 277 nm and emission wavelength of 306 nm withwatith set to 1 and 5 nm, respectively.
For denaturation curve measurements, the samplesin@ibated in 25°C water bath during
the measurement time. Samples were incubated ioubette for at least one minute prior to
taking readings. Each urea denaturation curve vimgireed by following the fluorescence
signal of 30-31 samples at pH 8.7 and pH 7.7 comgi2-3 mg/ml lyophilized WT or
hisactophilin variant protein in 500 mM glycine/samh glycinate, pH 8.7, 500 mM
KH,POy/K,HPO,, pH 7.7, and pH 6.7, 10 m M DTT and 10 mM EDTA andoncentration
of urea varying from 0 to 10 M. First filtered apure 10 M urea (Sigma) and filtered MilliQ
water were aliquoted in 1.5 ml Eppendorf tubes eling to desired urea concentration.

Stock protein solutions was added last using Hamityringe .

CD measurements were preformed with a 1 mm patbthecuvette using a J715
spectropolarimeter (Jasco) to assess secondargtustubefore and after denaturation.
Temperature was controlled using a peltier cell KEL model ELDC5D4, Japan Servo
Co.Ltd). CD measurements were acquired at 227 niim slit widths of 5 nm. Equilibrium
and incubation prior to measurement of the CD difpraall samples was followed using the

same procedure as in fluorescence measuremenisra®ned above.
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The change in the fluorescence intensity and trengd in ellipticity were plotted as a

function of denaturant concentration.

2.7.2 Denaturation curve data analysis

The free energy of transfer of the side chainsoigpeptide backbone from water to
solution of denaturant is not linearly proportionalthe concentration of denaturant (Liu et
al., 2002). Denaturation curve data were fit ushgbinomial extrapolation method (BEM) to
a two transition between the native and the deadtstate, with a non sloping pretranstion
baseline and a sloping post-transition baselinegusiquation 2.1. Fitting of the experimental
curves was preformed using OriginPro7.5 (OriginLal)e m-value allowed to vary, then
fixed, which an average value is obtained by calud m based on the change in solvent
accessible surface area for the unfolding. The levas related to how cooperative the
transition is, how much structure remains in theadered state, perhaps how much denaturant

binds to the unfolded state.

The denaturation curves were fit to a two statesiteon using Equation (2.1).

N [Ty — (1 y —(AGo+m [ureal—my[urea Py RT
y— Yy — [Ty — (Y, + Sylurea])le | o1

1 + e—{,ACf,—l—mJ[Lu'ea]—mz[ut'ea]z}.-"RT

where Y is the measured optical signal at a givea eoncentration, is the signal for the
native state, ¥is the signal for the unfolded state in the absefceea, § is the denaturant
dependence of the signal for the unfolded state,amd m are constants describing the
denaturant dependence of Gibbs free energy of dinfpl R is the gas constant, T is the

temperature in KelvinAG®, is the Gibbs free energy of unfolding in the alegerof

a7



denaturant, m was fixed to 0.072 based on combined analysis refla uand thermal

denaturation data (Liu et al., 2002).

2.8 Kinetic studies
2.8.1 Urea-induced unfolding kinetics

Unfolding rates were sufficiently slow that theyutsh be measured by manual mixing
experiments, and monitored by fluorescence usiedltiorlog-3 (HORIBA; JOBIN YVON-
SPEX). Kinetics of unfolding of WT and mutant higgahilin proteins was preformed by
diluting the native protein stock solution 0.2 my/@0O-fold in 50 mM glycine/sodium
glycinate (10 mM DTT, 10 mM EDTA) pH 8.7. Differerdoncentrations of urea were
buffered with unfolding buffer. The unfolding buffewas composed of 50 mM
glycine/sodium glycinate (10 mM DTT, 10 mM EDTA) @7, filtered 10 M urea. 900 uL of
unfolding buffer was placed in a quartz cuvetteifi pathlength), to which 100 uL of native
protein was added and mixed by pipetting. The whfigi signal which is an increase in
fluorescence was monitored by fluorescence usingrblog-3 (HORIBA; JOBIN YVON-
SPEX) with the excitation wavelength 277 nm andssion wavelength 306 nm with slit
widths set to 1 and 5 nm, respectively. To minimteeperature artifacts, both protein and
urea solutions were pre-equilibrated at 25°C pgoanitiation of unfolding. The dead time of
each unfolding experiment was determined using ap-wsfatch and was on average
approximately 10 seconds in duration. The finalosmration of urea was routinely checked

by refractive index with the equation (Pace, 1986).
[urea] = 117.6An + 29.75An” +185.56\n°

whereAn is the difference in refractive index readingsiateen the urea solution and a blank

(buffer).
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2.8.2 Refolding kinetics measurement

Refolding kinetics at moderate urea concentratese sufficiently slow that they
could be measured using manual mixing techniqudsramitored by fluorescence. Refolding
kinetics preformed by diluting a stock solution 6f2 mg/ml unfolded protein 10-fold in 20
mM Acetic acid, pH 4.41, 10 mM DTT. The unfoldedf&in was then diluted so that the urea
concentration was varied for each refolding conditi 900 uL of refolding buffer was placed
in a quartz cuvette (1 cm pathlength) then mixethwiOO uL of denatured protein by
pipetting. The refolding signal was recorded byfkscence using Fluorolog-3 (HORIBA,;
JOBIN YVON-SPEX) with the excitation wavelength 2iiih and emission wavelength 306
nm with slit widths set to 1 and 5 nm, respectivdlg minimize temperature artifacts, both
protein and urea solutions were pre-equilibrate@58C prior to initiation of refolding. The
dead time of each unfolding experiment was detezthimsing stop-watch and was on average
10 seconds. The final concentration of urea wasinely checked by refractive index as

indicated in section 2.8.1 (Pace, 1986).

2.8.3 Stopped-flow fluorescence kinetics

Refolding kinetics at very low urea concentratiamgoo fast to be measured using
manual mixing techniques. The kinetic of WT andabisphilin mutant refolding were
measured by stopped-flow, using an Olis RSM 108@ument (On-line instrument systems,
Bogart, Georgia). The temperature was maintained5&C using a circulating water bath
connected to the stopped-flow instrument. Fluoneseemeasurements were made with an
excitation wavelength of 277 nm and emission wawgle of 306 nm. Kinetics were
measured at least two times under identical canlitiaveraged, and analyzed using Biokine

software 32 (Biologic).
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2.8.4 Fitting of the unfolding and refolding traces
Raw kinetic data of the WT and mutant hisactophiliere fit to a single or double
exponential with a linear drift using Biokine 32i¢lbgic, Version 2.10, Molecular Kinetics)

and OriginPro7.5 (OriginLab) software. For the a@tstmodel, the time course should follow a

simple exponential, with a small linear drift beiolgserved in some cases due to expermental

factors such as diffusion of reagents or lamp ibte.

The rate constants of folding and unfolding of WA anutant hisactophilin were fit to

2-state model as described by (Liu et al., 200R)gua quadratic equation.

In kynt [urea]= INkSn{Muns /RT)[Urea]-(muns /RT)[Ureaf (2.2)
Refolding rates were fit using equation:

In keer [urea]= In k%(Myer/RT)[urea]- (mer JRT)[Ureal (2.3)
Complete kinetic data were fit using:

Inkobg[urea])=In(kAneXxp{(Munr,/RT)[Urea]-(min o/RT)[U rea]2}+(k° re€XP{(-Mrer /RT)

[urea]}) (2.4)

where k& and ks are the folding and unfolding rate constants Bt Grea, Mns1and Myns2
describesa quadratic denaturant dependence for the natogakithm of the refolding rate.

The value of mw2was fixed to 0.028, which is the average valueciavature of unfolding

rates obtained from repeated experiment. R is #secgnstant, T is absolute temperature and

Mrer @and Mps are constants of proportionality which describdes sensitivity of the refolding

and unfolding rates, respectively, on denaturantentration.
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Chapter 3: Results

3.1 Mutagenesis results

All of the constructs (F6L, F13Y, I185L, H90G, al¥8L) were confirmed first by
restriction enzyme analysis and then by DNA seqeemalysis (Mobix Central Facility,
DNA Synthesis Laboratory, The Institute for MoleamuBiology and Biotechnology,
McMaster University, Hamilton, ON). Except for HO0tBe mass of the purified protein was
also verified by mass spectrometry. The resulth@sequence analysis of the variants and
the WT as well as H90G mass spectroscopy dataresemted in Appendices 1-6. All
sequences were compared with the WT sequence mamdiisuccessful mutagenesis.

F13Y, I85L, 193L mutants protein were obtained atrailar level to that of the WT
protein (~28 mg/L) and exhibited similar chromagggny profiles during purification.
However, H90G was obtained at a higher level (+4fL). In contrast, the F6L point
mutation exhibited aggregation during purificatr@sulting in much lower yields of purified
protein (~ 12 mg/L)This protein was also significantly less stablentdl (see section
3.2.1.3). Thus, the relative expression levelscareelated with the relative stabilities of the
proteins.

As indicated in chapter 1 and 2, hisactophilin dogscontain tryptophan.
Fluorescence therefore, arises mainly from threestge residues (Figure 2.3). The
fluorescence for WT hisactophilin increases by ¥30pon unfolding (Figure 3.1). Mutating
phenylalanine 13 to tyrosine (4 tyrosine) caussslestantial increase in the fluorescence
guantum yield. As a consequence, the differenced®t the fluorescence of the native and
denatured state becomes very small, so that tleédimg transition can no longer be

accurately monitored by fluorescence.
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Figure 3.1 Hisactophilin fluorescence spectra asfanction of denaturant concentration

The fluorescence monitored scans were measudagml® in different urea concentrations: OM (black )ine
3 M (red line), and 9 M (green line). All the ssamere performed at 25°C in glycine buffer.

3.2 Equilibrium denaturation curves

Chemical denaturation of WT and H90G, 185L, I9BBL hisactophilin mutants by
urea at pH 6.7, 7.7 and 8.7, monitored by fluoreseeand Circular dichroism (CD)
spectroscopy is highly reversible (Figures 3.1, 82l 3.3). Chemical denaturation of WT
hisactophilin has previously been found to be higblersible at pH 6.7, 7.7 and 8.7
(Meissner, 2007); (Marty.T.J.Smith and E. Meieringpublished data). The results obtained
by fluorescence and CD were fit using OriginPraah8l are consistent, within experimental
error, with a two-state model of unfolding betwelea native and denatured states (Figure
3.2). The denaturation curves were fit to a tweesteansition using Equation 2.1.

The thermodynamic analysis requires that chenyizatluced unfolding be reversible
and at equilibrium. Urea denaturation of the WTahisphilin is highly reversible (Liu et al.,

2001, Meissner, 2007, Marty .T.J. Smith and E.evleg, unpublished data) and the time to
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reach equilibrium is short (less than 4 hours). fldwersibile experiments were performed
individually for each pH ranging from 6.7 to 8.7cdrding to the CD and fluorescence
spectra, the unfolding and refolding of hisactaphsg more than 90% reversible at each of
these pHs (Liu et al., 2002). Stability here wassueed at several pHs: 6.7, 7.7 and 8.7, and
compared with previous results obtained at these ptny previous experiments on PWT
hisactophilin were performed at pH 6.7 (Liu et 2002); however, the protein is relatively
unstable at this pH and the stability is very hygiépendent upon pH. At pH 8.7, the protein
has the highest stability, and the stability vanesch less with pH. However, the relatively
high stability made characterization of the relayvmore stable mutants hard to measure
accurately at these conditions.

Urea denaturation curves fit to obtaiG%,, Cyig and m-value, the higher the Gibbs
free energy change is in the absence of denatyu@rtse higher the unfolding midpoint is in
denaturants, the more stable the protein is. Ttesenodynamic parameters were obtained
for WT and mutant hisactophilin at different pHs7(67.7 and 8.7), the values of these
parameters monitored by CD and fluorescence sgattpy agrees with each other within
experimental error for each pH.

The measurements of equilibrium denaturation veeeedit pH 6.7 (Table 3.1) when
the protein is not very stable and then measuretiat.7 (Table 3.2) when the protein is
more stable. Urea denaturation curves were measiifgd 8.7 (Table 3.3), when the stability

of hisactophilin is greatest.
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3.2.1 Equilibrium denaturation curves of WT and mutant

hisactophilin in urea

3.2.1.1 Stability at pH 6.7

The conformational stability of WT and H90G mutahpH 6.7 was determined using
urea denaturation curves. The urea denaturatioreswxhibit a two-state transition between
the folded and unfolded protein. The PWT and WTabvelthe same within the experimental

error. The data were fit with Equation 2.1 anduakies from the fit are given in Table 3.1.

Fraction unfolded

0.0+

Figure 3. 2 Fluorescence-monitored urea denaturatiocurves in phosphate buffer at pH 6.7.
Solution contained 50 mM KIPO,/K,HPO, pH 6.7, 1ImM EDTA, 1mM DTT, and 0.2 mg 'Ianrotein at
25°C. WT () Cg of 2.78 M and H90GH) with C,q of 4.04 M, displayed in terms of the fraction of
unfolded protein. The continuous line represeradhist fit of the equilibrium denaturation datd&tpiation
2.1. WT results obtained from Marty. T. J. Smith.

Based on the fit of the experimental data meashydtiiorescence and CD, the m-
value obtained from the fitting (which is relatedthe extent of change in exposure of the

hydrophobic side chains upon unfolding of nativet@in to the unfolded state) was
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essentially the same for the WT and all mutantthiwiexperimental error, so an average m-
value was calculated and used to determi@gandAAG, HI90G is more stable than the WT
at pH 6.7 with Gjq of 4.04 M, m-value of 2.14 kcal mt¥*andAAG of -2.84 kcalmol as

shown in (Tabl&.1).

Table 3.1 Equilibrium parameters for WT and H90G mutant hisactophilin at pH 6.7.

Protein pH Probe  Cumg m AG®, AAG
M) (kcalmol™) ~ (kcal mol?) (kcal mol?)
H90G 6.7 FL  404$003 2142011  8.65+0.45 -2.84
wWT? 6.7 FL 278026  237+0.08  6.59:0.34
PWT® 6.7 FL  3.15$0.09 1.96:0.26  6.17+0.82

CD 3264004 215+0.14  7.0+0.45

PWT® 6.7 FL 2.91+0.01 2.51+0.07 7.30 +0.20
WT FGF 6.7 FL 1.11+0.01 18.9+0.6 21.1+0.6
V109LF 6.7 FL 0.86+0.02 20.2+1.1 17.4+0.5 4.9

WT  Wild Type Hisactophilin

WT?  Marty T.J. Smith and E.M Meiering unpublished data

PWT® (Wong, 2004) PWT data with 4 extra amino acids

PWT® (Liu et al., 2002), data obtained at 20°C

V109 LF FGF data which V109L correspond to 193L in hisabitip (Brych et al., 2003).

Equilibrium values (Giq , m-value and\Gy ) were obtained from fitting urea denaturationveudata in (Figure 3.2) to
Equation 2.1, mwas fixed to 0.072

AAG = (Grig wt - Cinid mutan) (Mwt + Miutand/ 2 . A negative value indicates a more stableamiit

3.2.1.2 Stability at pH 7.7
The denaturation curves at pH 7.7 for the WT amthimt hisactophilin were
monitored by both CD and fluorescence. The CD &amatéscence denaturation curves at pH

7.7 exhibited two-state transition (Figure 3.3)eTdurves were fit with Equation 2.1 to obtain
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the thermodynamic parameters which are summariz€table 3.2), an average m-value was
calculated and used to determix@,.

The thermodynamic stability of WT increases froi® Kcalmol* at pH 6.7 to 8.0 kcal
mol™ at pH 7.7. A comparison of the mutants with WPHt7.7 yields the same trend as that
seen at pH 6.7 for H90G. HO0G is the most stahifjznutation relative to the WT with,fg
of 5.28 M, m-value of 2.03 kcalmitM™ andAAG of -2.25 kcalmot. I85L is more stable as
well compared with the WT with & of 4.46 M, m-value of 1.88 kcalmt¥™ andAAG of
-0.66 kcalmotf'. 193L is less stable relative to the WT with;Cof 3.87 M, m-value of 0.94
kcalmol*M™ and andAAG of 0.49 kcalmot. F6L is a very unstable mutant with,gof 2.44,

m-value of 1.85 kcal mdM™ and andAAG of 3.26 kcalmot as indicated in (Tabl& 2).

Fraction unfolded

Figure 3. 3 Fluorescence and CD-monitored urea detaation curves in phosphate buffer at pH 7.7.
Solution contained 50 mM K4#PQO,/K,HPO,pH 7.7, 1 mM EDTA, 1 mM DTT, and 0.2 mg Mmprotein at 25°C.
Fuoresence in closed symbols and CD in open synwdlge) C.,; of 4.12 M, WT(c), HO0G @) C,,q of 5.28

M, H90G (o), I85L (A) Cyig of 4.46 M,I85L (A), 193L (#) Crig 0f 3.87 M, 193L(<),F6L (x) CGhg Of 2.44 M,
and F13Y ¢), displayed in terms of the fraction of unfoldedtein. The continuous line represents the best fit
of the equilibrium denaturation data to Equatioh 2.
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Table 3. 2 Equilibrium parameters for WT and mutant hisactophilin at pH 7.7.

Protein pH Probe Crid m AGy AAG
(M) (kcal mol 'M™) (kcal mol®) (keal mol”)

WT 7.7 FL _ 4.12¢0.03 1.04:0.07  7.990.29
7.7 CD  3.76+0.03 1.94+0.07 7.29+0.26

WT? 7.7 FL 434 2.14 7.92

PWT® 7.7 FL  4.39+0.02 2.13+0.05  7.96+0.19
7.7 CD  4.31%0.02 223+006  8.30+0.23

H90G 7.7 FL  528£0.05 1.94+0.07  10.24+037 225
7.7 CD  5.39+0.14 1.94+0.07 10.46:0. 38

I185L 7.7 FL  4.46£0.04 1.94£0.07 8.65+0.31 -0.66
7.7 CD  4.62+0.06 1.94+0.07 8.96+0.33

193L 7.7 FL  3.87#0.05 1.94£0.07 7.50£0.27 0.49
7.7 CD  3.81+0.06 1.94:0.07  7.39£0.27

F6L 7.7 FL  2.44£0.06 1.94£0.07 4.73+0.18 3.26

WT Wild Type Hisactophilin

WT?2  Marty T.J. Smith and E.M Meiering unpublished data

PWT® (Wong, 2004PWT data with 4 extra amino acids

PWT® (Liu et al., 2002), data obtained at 20°C

Equilibrium values (Giq, m-value andGy ) were obtained from fitting urea denaturationveudata in (Figure 3.3) to
equation 2.1, m2 was fixed to 0.072

AAG = (Chig wt - Crnid mutan) (Mwt + Miutand / 2 . A Negative value indicates a more stabléamu

3.2.1.3 Stability at pH 8.7
(Figure 3.4) shows the fraction of unfolded proteieasured by fluorescence and CD

as a function of urea concentration of the WT andiamt hisactophilin at pH 8.7.
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Fraction unfolded

10

Figure 3. 4 Fluorescence and CD-monitored urea det#ation curves in glycine buffer at pH 8.7.
Solution contained 50 mM, glycine/sodium glycinpt¢ 8.7, 1 mM EDTA, 1 mM DTT, and 0.2 mg Thbrotein
at 25°C. Fuoresence in closed symbols and CD ém ggmbols.WT ) C,q of 5.49 M, WT(0) Cpjqg of 5.36 M
, H90G @) Cy,iq 0of 6.39 M, H90G (0) Cig Of 6.51 M I85L (A) Cpg 0f 5.94 M,I185L (A) Cpig of 5.16 M 193L
(#) Cig 0f 5.02 M, 193L(<)Chig 0f 5.09 M F6L (%) Gyig 0of 3.32 M, (-) Giig of 3.09 M and F13Y%) CD data
with C,q of 5.3 M, displayed in terms of the fraction offalded protein. The continuous line representsnst
fit of the equilibrium denaturation data to Equatix 1.

Analysis of urea denaturation curves for fluoresecfor the WT at pH 8.7 yieldedA, of
10.70 kcal mot, and a Gig value of 5.49 M.

The fitted values obtained by fluorescence anda@bin agreement within error,
providing further support for the 2-state modebrhrthe results listed in Table 3.3, H90G
with Crig 0f 6.39 M, m-value of 2.12 kcalmt ™ andAAG of -1.76 kcalmot is
considerably more stable than the WT. I185L withq4©f 5.94 M, m-value of 2.09
kcal mol*M™ andAAG of -0.88 kcalmét is a little more stable than the WT. 193L is stigh
less stable than the WT withyg of 5.02 M, m-value of 1.94 kcalnit™ and ofAAG 0.92
kcal mol*. The F6L mutation is less stable than the WT W@ithy of 3.32 M, m-value of 1.45

kcalmol*M™ AAG of 4.23 kcalmat. From the data indicated above there is cleareeie
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that H90G and I185L are more stable mutants thamfidbased on the midpoint of unfolding
andAAG (Figure 3.4, and Table 3.3). In contrast, 193d &L are less stable relative to the
WT based on the midpoint of unfolding andG.

In summary, the equilibrium data for WT and mutaisectophilin can be fit by a
simple 2-state process. The origins of the chamgstability for the mutants were further

characterized by measuring the folding and unfgdimetics described in the next section.

Table 3. 3 Equilibrium parameters for WT and mutant hisactophilin at pH 8.7.

protein pH probe Crrid m AG AAG
(kcal mol*™™M ™) (kcal mol (kcalmol’
() 1 1)
WT 8.7 Fl 5.49+0.07 1.95+0.11 10.70+0.62
8.7 CD 5.36+0.06 1.95+0.11 10.45+0.60
5.3# 0.99 11.22+0.9
WwT? 8.7 FI 2.09+0.19
11.56+ 0.82
PWT 8.7 FI 5.39+ 0.03 2.53+0.14
5.33+0.33
PWT® 8.7 FI 2.28+0.07 10.11+0.34
5.21+0.04
8.7 CD 2.14+0.06 9.21+0.27
H90G 8.7 Fl 6.39+0.07 1.95+0.11 12.4610.71 -1.76
87 CD 6.51+0.07 1.95+0.11 12.69+0.72
185L 8.7 Fl 5.94+0.07 1.95+0.11 11.58+0.66 -0.88
8.7 CD 5.16+0.10 1.95+0.11 10.06+0.60
193L 8.7 Fl 5.02+0.05 1.95+0.11 9.79+0.56 0.92
5.09+0.04
8.7 CD 1.95+0.11 9.93+0.56
3.3210.10
F6L 8.7 Fl 1.95+0.11 6.47+0.41 4.23
3.09+0.17
8.7 CD 1.95+0.11 6.03+0.47
F13Y 8.7 CD 5.310.14 1.95+0.11 10.34+0.64 0.12
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WT  Wild Type Hisactophilin

WT?  Marty T.J. Smith and E.M Meiering unpublished data

PWT® (Wong, 2004) PWT data with 4 extra amino acids

PWT® (Liu et al., 2002) data obtained at 20°C

Equilibrium values (Gig , m-value andAGy ) were obtained from fitting urea denaturationveudata in (Figure 3.4) to
Equation 2.1, mwas fixed to 0.072

AAG = (Crigwt = Gmid mutan)(Mwt + Muuand/ 2 . A Negative value indicates a more stableator

pH 6.7
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Figure 3. 5 AAG and AC,,y as a function of pH for hisactophilin mutants.
AChpig in blue color, andAG in purple colorACig= Crigwt — Gridmut, @nd AAG = (Gig w-Ciid
mutand (MwT+Miuand/2 , @ Negative value indicates a more stable tioata
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3.3 Kinetic results
3.3.1 Unfolding Kinetics

The origion of the difference stability for hisaghilin mutants H90G, 185L, and 193L
compared with the WT were investigated using unifigféand refolding kinetic measurments
monitored by manual mixing fluorescence from 6 fd @rea in (Figure 3.6).

For F6L the protein precipitated and the kinetialgsis was not performed for this
mutation, and F13Y the increase in the fluorescepemtum yield lead to the difference
between the fluorescence of the native and derthsiage becomes very small, so that the

unfolding kinetics can no longer be accurately rared by fluorescence.
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Figure 3. 6 Unfolding kinetics of WT hisactophilin.

A.Fluorescence-monitored unfolding kinetics of Wigdttophilin in 6.4 M urea fit to a single exporiaht
equation with a linear drift. Shown inset the residof the single exponential fit with®& 4.2 x10°s™.
B.Fluorescence-monitored unfolding kinetics of Wiactophilin in 7.2 M urea fit to single exponehtia
equation with a linear drift. Shown inset the residof the single exponential fit with% 5.4 x10°s™. C.
Fluorescence-monitored unfolding kinetics of WTaei®philin in 9M urea fit to single exponential equation
with a linear drift. Shown inset the residual of #ingle exponential fit with,k 13.5 x10°s*. Residuals indicate
the kinetics are well described by a single exptakn
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Figure 3. 7 Unfolding kinetics of H90G.

A. Fluorescence-monitored unfolding kinetics of I 5.8 M urea fit to a single exponential equatidth a
linear drift. Shown inset the residual of the singkponential fit with k=10.8x10°s". B.Fluorescence-monitored
unfolding kinetics of H90G in 7.6 M urea fit to gle exponential equation with a linear drift. Showset the
residual of the single exponential fit witi=7.1s". C.Fluorescence-monitored unfolding kinetics oDB9in

8.6 M urea fit to single exponential equation vathnear drift. Shown inset the residuals of theyk
exponential fit with k=10.9 §'. Residual indicate the kinetics are well describga single exponential.
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The kinetic data were fit by a single exponergigation, all unfolding reactions from
pH range 6.7 to 8.7 were found to be single exptalgifrigure 3.6). The amplitudes of the
kinetic traces for the unfolding reactions correspto the expected amplitude based on the

fluorescence change in equilibrium curves for the &d all the mutations being studied.
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Figure 3. 8 Kinetic data of WT hisactophilin relative to equilibrium curve.
Fluorescence signal at pH &Y. Unfolding kinetic initial ¢) and final @) signals, and refolding initial&)
and final ) signals.

This is indicating that there is complete unfotdin both the WT and the mutants.
The natural logarithm of the unfolding rates witieaiconcentration was found to vary
linearly with denaturant concentration under stigngfolding conditions, as illustrated in
(Figure 3.10). Near the midpoint, the observed catestants vary nonlinearly, H90G, aren’t
varying linearly because of the midpoint being sghhWT and I85L also start to curve. The
slope of the plots is very similar for all the primis, and not significantly different within
experimental error. This indicates that the changmlvent exposure between the native and

transition state is the same for all proteins.riheo to facilitate comparison of the proteins, the
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fitted myns values for each protein were averaged, and figefufther fitting and calculations.
Comparing thét of the WT and all mutant indicates that these miupaoteins all have

native-like transition states for refolding.
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Figure 3. 9 Rate constants of unfolding of WT and mtant hisactophilin.

Dependence of the natural logarithm of the obsewddlding rate constanton denaturation concentration.
WT (o), H90G (), I185L (A), and 193L €). The continuous line represents a fit with sirgtponential for all
the unfolding. Values for fits are summarized irblEa3.5.

There is overall correlation between valuea &, C,q and m-values obtained from
equilibrium and kinetic data (Table 3.4, 3.5).
All equilibrium and kinetic results obtained for WAhd mutant hisactophilin at pH 8.7 are

summarized in (Table 3.5).
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Table 3. 4 Equilibrium and kinetic parameters for WT and H90G mutant hisactophilin at pH 6.7.

Protein pH Probe Cmid M AGu kref Myet kunf Munt Cmid m AGu BT
™) (kcalmol (kcalmol™) (s (kcalmol™M- (s (kcalmol™~ (M) (kcalmol (keal
RV 1) 1) RV mol )
6.7 6.0x10°+ 0.59
H90G FL  4.04+0.03 2.14 +0.11 8.65 £0.45 9+2 0.98+ 0.04 0.67 £0.01 4.68 1.65+£0.04 7.12+2.01 MM)
7 MM
3.0x10% 0.61
10419 1.14+0.02 0.72 £0.02 5.21 1.86+0.03 8.93+2.50
7 (SF)
2.7810. 6.59+0. 2.3x10°
wT? 6.7 FL 2.374+0.08 248 1.39 0.5632 1.9612 5.58 0.28
26 34 14
3.15
PWT® 6.7 FL 1.96 +0.26 6.17 +0.82
+0.09
CD 3.26 2.15+0.14 7.0+0.45
291
PWT® 2.51 +0.07 4+1
6.7 FL +0.01 7.30+£0.20 2.33+0.07 1.54+0.60 1.11+0.05 5.35% 2.01+£0.05 9.95+ 0.68
V109LF 6.7 FL  0.86x0.02 20211 17.4+0.5 3.04 6.04 3.11 0.56 1.10

WT  Wild Type Hisactophilin

WT?  Marty T.J. Smith and E.M Meiering unpublished data

PWT® (Wong, 2004) PWT data with 4 extra amino acids

PWT® (Liu et al., 2002) data obtained at 20°C

V109 L FGF data which V109L correspond to I93L in hispbitn

Equilibrium values (Giq, m-value andGy ) were obtained from fitting urea denaturationveudata in (Figure 3.2) to Equation 2.1, m2 wasdixo 0.072
AAG = (Ghig wi-Chid mutand (Mwt+Mmutand/2 - A negative value indicates a more stable tiana

Text in bold typeface refers to the kinetic data
Observed unfolding and refolding rate constantseviiéito equation 1.11, Gy, my, AG,andpT were calculated from the fitted kinetic parametesing equations,2.4, 1.13, 1.14
and 1.15 respectively. Error estimates were obthiren the fitting program (Origin).MM, manual mid, SF stopped flow data.
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Table 3. 5 Summary of equilibrium and kinetic parameters for WT and mutant hisactophilin at pH 8.7.

. Chid M AGu(kcal Kre mee(kcal Kunt myne(keal Chid M(kcalm AGy(kcal | AAG(kc
protein pH | probe . . BT
™ (keal mol?) (sh mol™® (sh mol*M™) ™ ol*M? mol?) almol™)
1.95+ 10.70+ 11.79+ 0.68
WT 8.7 Fl 5.49+0.07 441941443 | 1.57+0.4f 1.0xta7 0.71+0.05 5.53 2.29+46
0.11 0.62 9.13 (SF)
1.95+ 10.45+ 0.6
8.7 CD 5.36+0.06 73.24+23 1.10+0.04 70xTaE1 0.7440.2 5.63 1.85+0.20 9.51+9.71
0.11 0.60 (MM)
2.09+ 11.22+ 1.0x10° 0.69 1.89 9.82 0.63
wT? 8.7 Fl 5.37 15616 1.19
0.19 0.9 +16
2.53% 11.56+ 5.35+
PWT® 8.7 Fl 5.39+ 0.03 4.04+1 2.33+0.07 1+0.60 1.1+0.1 2.01+0.05 | 9.95+0.27 0.68
0.14 0.82 0.21
5.33+0.33 2.28+ 10.11+
PWT® 8.7 Fl
0.07 0.34
2.14+ 9.21+
8.7 CD 5.21+0.04
0.06 0.27
1.95+ 12.46+ 11.48+ 0.65
H90G 8.7 Fl 6.39+0.07 2583198 1.30+0.04] 1.0xTa4 0.70+0.03 6.26 2.01+0.03 -1.76
0.11 0.71 5.45e+6 (MM)
1.95+ 12.69+
8.7 CD 6.51+0.07 -2.24
0.11 0.72
1.95+ 11.58+ 0.66
185L 8.7 Fl 5.94+0.07 165+32 1.26+0.03  2.0x105 0.64+0.02 5.40 1.90+0.04  9.44+3.06 -0.84
0.11 0.66 (MM)
1.95+ 10.06+ 0.72
8.7 CD 5.16+0.10 952642621 | 1.72+0.04 2.0xta1 0.64+0.04 5.36 2.36 11.8 0.39
0.11 0.60 (SF)
1.95+ 9.79+ 203467+ 0.74
193L 8.7 Fl 5.02+0.05 2.02+0.07 | 3.0x10+7 0.72+0.02 5.16 2.74 134 0.92
0.11 0.56 102131 (SF)
5.09+0.04 1.95+ 9.93+
8.7 CD 0.53
0.11 0.56
3.32+0.10 1.95+ 6.47+
F6L 8.7 Fl 4.23
0.11 0.41
3.09+0.17 1.95+ 6.03+
8.7 CD 4.43
0.11 0.47
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WT  Wild Type Hisactophilin

WT?  Marty T.J. Smith and E.M Meiering unpublished data

PWT® (Wong, 2004) PWT data with 4 extra amino acids

PWT® (Liu et al., 2002) data obtained at 20°C

Equilibrium values (Giq , m-value and\Gy) were obtained from fitting urea denaturation euirv (Figure 3.4) data to Equation 2.1, m2was fit@@.072

AAG = (CGhig wr-Crid mutan)(Mw+Mmuand/2 . A negative value indicates a more stable trara

Text in bold typeface refers to the kinetic data

Observed unfolding and refolding rate constantseviigito equation 1.11, Gy, my, AG,andpT were calculated from the fitted kinetic parametesing equations,2.4, 1.13, 1.14
and 1.15 respectively. Error estimates were obdthiren the fitting program (Origin)

MM, manual mixing, SF stopped flow data.
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3.3.2 Refolding kinetics

Kinetic refolding traces of the WT and H90G, 18%Ind 193L mutants were monitored by
manual mixing fluorescence from 4 to 6 M urea, bypdtopped flow fluorescence from 0.2 to
4.2 M urea both at pH 8.7. All the kinetic refolditraces were fit to a single exponential
equation and an excellent fit to this model way @fitained at concentrations of denaturant
greater than approximately 3.8 M, suggesting thatitansition observed corresponds to a 2-state
model. Previous studies of PWT and WT have inddtahat the protein fold and unfold to 2-

state model and data fit will to a single exporargguation (Wong, 2004).
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Figure 3. 10 Refolding kinetics of WT hisactophik.

A. Stopped flow fluorescence-monitored refoldingietics of WT hisactophilin at 1.2 M urea fit to autble
exponential equation with a drift. Shown inset #re residuals of double exponential fit witk=k9.7s", which
indicates the kinetics are well described by a tbelsponential. B.fluorescence-monitored refoldungetics of WT
hisactophilin at 4.8 M urea fit to a single expotiEnequation with a drift. Shown inset are theideals of single
exponential fit with k=11.4x10%s™. C. fluorescence- monitored refolding kineticd6t hisactophilin at 4 M urea fit
to a single exponential equation with a drift. Shanset are the residuals of single exponentiatifih k= 4.1x10%s
! which indicates the kinetics are well describgdsingle exponential.
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Figure 3. 11 Refolding kinetics of H90G. A.

Stopped flow fluorescence-monitored refolding kicebf HO0G at 0.2 M urea fit to a double exporerdgguation
with a drift. Shown inset are the residuals of dewdxponential fit with k= 82.58", which indicates the kinetics are
well described by a double exponential. B. Stopipea fluorescence-monitored refolding kinetics 66 at 2.0 M
urea fit to a double exponential equation with ift.dBhown inset are the residuals of double exptiakfit with
k=28.2¢". C. fluorescence-monitored refolding kinetics &0 at 5.6 M urea fit to a singéxponential equation
with a drift. Shown inset are the residuals of Erexponential fit with k 13.4x10° s*, which indicates the kinetics
are well described by a single exponential.
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Figure 3. 12 Rate constants of refolding of the Wand mutant hisactophilin.

Dependence of the natural logarithm of the obserg&alding rate constantgon denaturation concentration. WT
(o), H90G @), I185L (A), and 193L ). The continuous line represents a fit with sirgteonential for the data.
Values for fits are summarized in Table 3.5.

At denaturant concentrations below this critieaddl, there were systematic deviations for
a single exponential fit, a double exponential mddéhe data well. The fast phase of this double

exponential represents the major amplitude andltwe phase has small amplitude.
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Figure 3. 13 Folding and unfolding manual mixing ad stopped flow kinetics of WT hisactophilin at pH 87.
Solution contained 50 mM Glycine/sodium glycinaté .7, 1 mM EDTA, 1 mM DTT, and 0.2 mg thprotein at 25°C. )
manual mixing, 1) fast phase stopped flow)\) slow phase stopped flow.

A plot of the natural logarithm of both the refmid and unfolding rate constants with
urea concentration is shown in (Figure 3.13). Batk constants vary with urea. The major
amplitude phase has a considerably larger denadtdegiendence. Minor amplitude phase that
become apparent at lower denaturant varies lessgtyrwith denaturant. The slow phase phase
has been observed previously; it could indicateniron of an intermediate or perhaps arise
from misfolding or aggregation. This was investeghturther by measuring refolding as a

function of protein concentration, as describedwel
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Figure 3. 14 Folding and unfolding manual mixing ad stopped flow kinetics of WT and mutant hisactopHin
atpH 8.7 .

Solution contained 50 mM Glycine/sodium glycinaté ®7, 1 mM EDTA, 1 mM DTT, and 0.2 mg thprotein at
25°C. WT ¢), I85L (A), and 193L @). The continuous line represents a fit with singt@onential for the
unfolding and double exponential for refolding diataer than 3.8M urea. Values for fits are sumnedimTable
3.5.

In the refolding kinetics observed at pH 8.7, Idifig rates deviate from the linear urea
dependence expected for 2-state folding kineticshi® WT and all mutant at urea concentrations
lower than 2 M, and there is discrepancy betweemthnual mixing and stopped flow data. This
may indicate formation of a folding intermediaterefolding of aggregated protein. To
distinguish between the processes of aggregatidnna@rmediate formation in the refolding
experiment, the protein concentration dependencefolding was measured for H90G.
Formation of folded intermediate should be indeehaf protein concentration, while
aggregation would be dependent on protein condenr@Vong et al., 2004).

Refolding kinetics were measured for H90G withteio concentrations ranging from
0.03 to 0.2 mg/ml with urea concentrations at 0.2 3 M. The expected result if the slow

phase is due to aggregation there should be aeaserin the rate and the amplitude of this phase
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relative to the fast phase with increasing protaincentration. To also examine if aggregates
were accumulating in the unfolded protein stockisoh with time, the refolding experiments
were performed by incubating the protein freshig @enatured and protein incubated in acid for
24 hours before taking refolding measurementshigidase, the amplitude of the fast phase
should decrease and the amplitude of the slow ptesdd increase. The increase in the
amplitude of the slow phase also tended to be biiggdnigher protein concentration. The results,
however, show that as protein concentration ine@ake fast phase remained the predominant
phase. There was some evidence in 0.2 M urea foe smgregation of stock protein solution
with time, and these aggregates were removed teyifiy. There was no clear trend in the
relative amplitudes of the fast and slow phase8 figr urea because the rates were not properly
defined.

The slow phase seemed to be the smaller propaotitre total amplitude (~5 %) for 0.2
M urea, which is close to negligible. Further exmpents on H90G mutation at pH 6.7 were
performed where the protein is more unstable (Lial.e 2001) to investigate if the curvature in
the refolding limb is due to intermediate formatmmdue to protein aggregation. The result
indicates that the kink and discrepancy betweemthieual mixing and stopped flow results are
less obvious at pH 6.7 refolding limb than of pH 8s shown in (Figure 3.15).

At pH 6.7 both phases are observed but only thigpiaase is plotted since the slow phase
is too slow to be accurately determined by fluoeese. The dependence of the natural logarithm
of the observed refolding and unfolding rate camstaf WT and mutant hisactophilin were

plotted and fit together.
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Figure 3.15 Folding and unfolding manual mixing andstopped flow kinetics of WT and H90G at pH 6.7.
Solution contained 50 mM K4PO,/K,HPO, pH 6.7, 1 mM EDTA, 1 mM DTT, and 0.2 mg Tprotein at 25°C.
WT(o) MM, H90G Stopped flowrf), HO0G MM (). The continuous line represents a fit with singteonential for
the unfolding and double exponential for refolditata lower than 3.8 M urea. Values for fits are sarized in
Table 3.4.

The discrepancy was observed for the rates mehbyrstopped-flow fluorescence below
2 M and linear above that concentration at pH & &7. The reason of the curvature has been
attributed to different causes. Firstly, the anyolé of the refolding transitions monitored by
stopped-flow at low urea concentration (below 2vix)s very small compared to our
expectations. The reaction was too fast to measoerately as most of the reaction was
completed in the dead time. This resulted in lessiiate refolding rate constants, which could
explain why these rates did not follow the samedseas the measured rates and thus were not
taken into account for further analysis. Seconsityne mixing artifact of the stopped flow
apparatus might be occurring due to the slow pbasause the amplitude of this phase was very

small so that the rate constants may not accurdegrmined or the dead time limitation of the
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machine. Thirdly, this curvature may be due togramt protein aggregation during refolding
(Bachmann and Kiefhaber, 2001) or may also be da® inherent quadratic dependence of the
free energy of transfer of amino acid constitudéms water to denaturant (Wong et al., 2004).
The fourth reason may be due to transition stateements (Hammond effect). The reason for
the curvature is not completely clear at the presere and there is no clear interpretation for the
available data.

The curvature in the refolding limb (at low uremcentrations) of the chevron plot has
been observed for numerous apparent 2-state fol8arschez and Kiefhaber, 2003). Many
proteins that show 2-state folding at moderatedgbh denaturant begin to populate an
intermediate at very low denaturant concentrat{@mchez and Kiefhaber, 2003). This is also
likely to occur for hisactophilin (Wong, 2004). Aadingly, rates in the region of rollover were
excluded, and the remaining rates fit to a 2-stateel.

In this case the folding limb roll-over was igndras it occurs at low urea concentrations,
and the remaining data fit to a two- state modéie F6L mutant precipitated during

concentration, and no kinetic data for this mutaas obtained.
3.3.3 ®d-value analysis

The basis ofb-value analysis is to compare the free energy ahémga mutation to the
individual contributions of the folding and unfaihdj free energy change. From (Table 3.6) it is
clear that the site of H90G and I93L in the trdositstate are closely resembles the structure in
the native state. While the site of the I85L in transition state is closely resembles the strectur

in the unfolded state.
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Table 3.®value analysis of hisactophilin mutants

protein pH AAGe, AAG, D

H90G 8.7 -1.76 -1.40 0.80
185L 8.7 -0.88 -0.32 0.18
193L 8.7 0.92 -2.27 1.29

AAGes= -RT an kf/kf

AAGF-RTIN (ke /ks)
O =AAG AAGe,

3.3.3 The chevron plot

The dependences of the natural logarithm of tleeted unfolding and refolding rate
constants of WT and mutant H90G, 185L, 193L witleaiconcentration are plotted in (Figure
3.16). The kinetic constants determined from ttien§ of the chevron plot are summarized in
Table 3.5. Equilibrium and kinetic values calcutateom kinetic parameters (using Equation 3.1,
values in Table 3.5) were compared to those oldamwen equilibrium curve measurements
determined in section 3.2. T, and m-values calculated from the kinetic experitsmen WT
type and mutant hisactophilin were very similathte values obtained from the equilibrium
measurements.

The unfolding limb has relatively smaller urea elegience while the refolding limb has a
stronger dependence on urea. The refolding anddinfprate constants for each mutant at pH
8.7 are listed in (Table 3.5) and were determirgdgithe entire unfolding data, in combination

with the single exponential region of refoldingdasome of the fast phase of the double
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exponential region of refolding as shown in (Fig8r&6). From the of equilibrium curves
monitored by different probes (fluorescence and,@nj)l agreement of equilibrium and kinetic
parameters fit to 2-state model. There was evid&ooce previous results and results here for 2-

State.

2.0+
251
3.0
35-
4.0

4.5

Inkobs

-5.0 1

-5.51

'60 T T T T T T T T T T 1

Figure 3. 16 Folding and unfolding manual mixing knetics of WT and mutant hisactophilin.

Solution contained 50 mM Glycine/sodium glycinaté$.7, 1 mM EDTA, 1 mM DTT, and 0.2 mg thprotein at
25°C. WT (), H90G @), I85L (A), and I93L @). The continuous line represents a fit with sirggponential for
the unfolding and refolding data. Values for fite aummarized in Table 3.5.

3.4 DSC preliminary results

Multiple attempts to obtain DSC data were perforrzedall the mutant proteins.
Unfortunately, this did not yield analyzable, resible thermal unfolding data because the mutant
proteins tended to aggregate during the DSC expeatinT he measurements were first performed
at pH 8.7, the same pH used for the equilibrium kindtic experiments using 0.5 mg hgrotein
concentrations. However, the protein precipitabdekt experiment was performed at pH 9.7.

These scans showed an additional peak at ~40°@7Toand all the mutant hisactophilin. This
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extra peak has not been observed previously in 8&fSsactophilin. Further analysis is required

to explain its presence in the thermogram.
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Chapter 4: Discussion

From the denaturation curve results of WT and FaIL3Y, 185L, H90G, and 193L
hisactophilin mutants, it is evident that a decegasgpH causes a decrease in stability. This
parallels to previous results obtained for the P&d@ WT hisactophilin protein (Liu et al., 2001).
There is only a minor change in stability from pH & 7.7 and a much more substantial
decrease when the pH is decreased to 6.7.

The WT and F6L, F13Y, I85L, H90G, and 193L mutequilibrium and kinetic folding
were investigated by measuring their structuralditéoons by fluorescence spectroscopy and CD.
From the equilibrium and kinetic data, it can bersthat WT and all mutant hisactophilin can be
fit to 2-state mechanism. In the kinetics resudréhwas a rollover, which is evidence for
formation of an intermediate under conditions gihprotein stability. This has also been
observed previously for PWT hisactophilin when pinetein stability is increased in,D or due
to addition of small molecule stabilizing agentsaivyy, 2004)The stability and kinetics are

considered for each mutant below.

4.1 Hisactophilin mutants

4.1.1 HI0G

Position 90 corresponds to position 2 of a tygetlurn see (Figure 1.19)The kinetic
data of the H90G mutation indicates that Gly residtithe i+2 position stabilizes the protein
likely by eliminating the steric interactions betmeside chain £and main chain atoms in the

native structure (Figure 1.18). These results iandas to those obtained for FGF (H93G typg-|
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turn) (Kim et al., 2003) . The kinetic parametefshe H90G mutation indicates that the basis for
the stability of theAAG -1.76 kcalmot increased in stability is due to an increase irréte of
refolding by ~35-fold while it has no effect on thefolding rate compared with the WT (Table
3.5). This result supports the hypothesis thateiased symmetry can give rise to increased

stability symmetry hypothesis.

4.1.2185L

I85L is a coremutation located in strand 9 bottom layer @tbarrel. As indicated in
(Figure 1.19) sequence alignment analysis indicttatl 185 is a conserved residue see (Figure
1.11). The kinetiqparameters of th&85L mutation shows that the basis of #0988 kcal mof
increasen stability is due to~ 2-fold decrease and increase, respectively inutifelding and
refolding rates. This increase in stability suggdbat the I85L mutation buries additional area

within the core region or is able to pack bettdrisTesult also supports the symmetry hypothesis.

4.1.3193L

I93L is a core mutation located in strand 10 of tpper layer of-barrel (Figure
1.19). This mutation exhibited the most significaffect on the unfolding rate resulting in a 3-
fold increase in unfolding rate, (Table 3.5, Fig@t&6). The introduced leucine side chain may
partially fill a centrally located cavity within éhcore, while an additional adjacent microcavity
may be formed due to the change in the stereoclkrynoisthe side chain. Isoleucine to leucine
substitution could result in substantial formatafrcavity within the core region. | and L have the
same volume, but different stereochemistry, wiklidnched at the ‘Cwhile L is branched at'C
This result is similar to that of FGF V109L mutatio(Brych et al., 2004). In FGF no effect on

the refolding rate was seen while there was areas® the unfolding rate by 4-fold. The Leucine
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side chain was found to partially fill a centralbcated cavity within the core. Furthermore, an
additional adjacent microcavity was formed duehte teletion of the WT Val methyl group.
Thus, overall the packing was not sufficiently iroyped to stabilize the protein. This suggests that
for hisactophilin the destabilizing effect is snealbecause the methyl group is not removed, and

the L makes better packing interactions than the I.

4.1.4F6L

F6L is a core mutation located in strand 1of thedwo layer of B-barrel as shown in
(Figure 1.19). F6L is less stable than the WT dgated by urea denaturation. The data for this
mutant were generally of poor quality, complicateyg protein precipitation and perhaps
modification due to decreased stability. Theretanetic analysis was not performed for this
mutation. F6 is a conserved residue, it appeatstiie larger F may be needed to maintain good
packing interactions among residues in this lay¢n@ hisactophilin structure. This may explain
why substitution to the smaller L residue is deitabg. There may also be some functional
interactions that are modulating the results. e&tgzhilin is naturally myristoylated and the
myristoyl group of hisactophilin can pack into ttentral hydrophobic core of the protein
(Meissner, 2007), or undergo a switch such thexténds from the protein and into the
membrane lipid bilayer (Hanakam et al., 1996). 8afthe residues in this layer may be
involved in switching. Hisactophilin is more symime in sequence that fascins, suggesting that

it is more ancestral as shown in (Figure 1.7).

4.1.5F13Y
F13Y is a mini-core mutation located in strand 2he -hairpin see (Figure 1.19). The

thermodynamic and kinetic effects for this mutatiegre difficult to measure due to the increases
83



fluorescence intensity for the native protein résglfrom an extra tyrosine in structure. The CD
results at pH 7.7 and 8.7 indicated that F13Yightly less stable than the WT. Based on the
previous studies for FGF results, F13Y was expetttdst more stable than the WT compared
F22Y in FGF (Dubey et al., 2005). For this mutatifumther investigation is required using

methods such as DSC, NMR to asses the stability.
4.2 Evidence for non 2-state behavior

The unfolding and refolding kinetics of the WT amdtant hisactophilin at pH 8.7 fit to
2-state transitionat medium to high urea conceptrdiut this is not the case at very low
denaturant concentration. The refolding kineticésafit with double exponential equation and a
curvature observed at low denaturant concentrdtiothe WT and mutant hisactophilin. This
result was observed in our lab before at the safhelpere the protein is very stable ((Wong,
2004), (Wong et al., 2004) more details in sec8dh2. This may indicate formation of a folding

intermediate or refoldingggregated proteit will discussed more in the future work.
4.3 Relationship of folding to function

From FGF results the cavity-filling mutations arell known to stabilize protein
structures (Eriksson et al., 1992), however, thay ead to a loss in the protein function as
shown in FGF. A series of mutations in FGF N-antef@ainal (which hydrogen bonding to each
other)p-strands were shown to stabilize the structuretddidling the local cavities present
within this region. These mutations introduce r@é¢hfold symmetric constraint upon the primary
structure, (K12C, K12V, P134C, P134V, K12V/P134M6N/P134V, K12V/L46V,
E87VIN95V/P134V). The results support the hypothésat a symmetric primary structure
within a symmetric superfold is a solution to, axad constraint upon, the protein folding
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problem. In addition, the results also supportitjygothesis that there exists a function-stability
trade off. The multiple mutant (K12V, L46V, ES7MI5V, P134V) is very stable; however, it is
functionally inactive (Dubey et al., 2007). Fronisthesult it would be interesting to investigate
further the relationship between the stability &mttion of3-trefoil proteins and hisactophilin.

Folding ofp-trefoil proteins was found to be slow, due to pihesence of a folding
intermediate. Hisactophilin is the smallest prommpared with othe-trefoil proteins e.g. FGF
and IL-13 also folds quite slow. Hisactophilin is the smstljdas the lowest contact order and
folds fastest. The longer, functional loops in tiieer proteins probably slow their folding.
Further investigations were done and multiple rewtere proposed to clarify the slow folding.
Results of simulation of folding pathway show thegactophilin folds by a direct route in which
the formation of local contacts within turns gralfukeads to the formation of secondary
structure (Gosawvi et al., 2008). In contrast [Lt@lds by two subsets of contacts that compete
with each other, resulting in the unfolding of arubset of native contacts and their subsequent
refolding later along the folding coordinate. Thosite is called backtracking. FGF folding
initiates within thep-trefoil bringing its N and C termini together désghe high entropic cost
(Roy et al., 2005).

IL-1 B folds on the time scale of minutes and the foldsngccompanied by a broad and
high free energy barrier. The kinetic experimentscated that there is the presence of structural
intermediate during folding. Hisactophilin folds ofufaster, but still relatively slowly compared
with other single domain proteins (Liu et al., 2P02th lack of an intermediate in all but the

most stabilizing conditions.
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4.4 Possible functional features of the proteins #t may affect the

folding pathway

IL-1B is the only member di-trefoil that folds by the backtracking route. Thisite
occurs as a result of the topological frustratios functionaBB-bulge causes during folding
(Capraro et al., 2008). The slow folding of IB-&tructure is related to the formationfsbulge,
which is directly involved in receptor binding. Bhiesult for IL-B is consistent with the
hypothesis that slow folding is often related te thinctional obligation to conserving protein-
protein or protein-ligand interaction sites (Gosatval., 2006). Several studies have indicated that
the protein structure, function, and folding areximicably related and that the structural
differences between structurally similar proteinsrelate not only with functional regions but
also with topological folding traps (Hammond et 2D98).
In conclusion, in order for the protein to functicorrectly, some residues need to be conserved
and can not be optimized for folding. Furthermaine, protein must be stable enough to fold and

in order to function well.
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Chapter 5: Future work

The next step could be to investigate the slowseliathe kinetics. There was evidence
from the previous studies in our lab that an intdlrate starts to become populated under very
stabilizing conditions at pH 8.3Jso when we stabilized the protein ig@or upon addition of
sodium sulphate (Wong, 2004) . From the resultsgred here the rollover more prominent in
H90G decreases when dropping the pH from 8.7 tptlis was also observed previously. It
would also be useful to characterize the refoldiimgtics with different protein concentrations to
clarify whether the results indicate formation oliding intermediate or transient protein
aggregation. Additionally, light scattering expeeints may allow for further investigation of
protein aggregation.

Additional DSC experiments of the WT and mutarsalstophilin should be conducted to
better characterize the stability of these protélie preliminary results collected here indicated
the presence of the second peak ~ 40°C of the #ocanuld be interesting to investigate further
if that peak is due to protein aggregation or duéotmation of an intermediate or degradation
product. EDTA may bind the protein and then assecé low temperature. DSC analysis in
absence of EDTA may be useful. Which shown as dl gmeak. Furthermore it would be useful
to perform DSC experiments at varying protein comieion to confirm whether the small peak
arises from protein aggregation.

A detailed study on the designing SYM2, SYM3, SYNMA'M5, and SYM6 mutations,
which are double, triple, quadruple, quintuple, aedtuple mutations that make the protein
symmetric to assess the folding and stability efsimmetric structur&his could provide a

means to determine whether an increase in trefoihsetry would result in increased protein
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stability. Based on the previous studies for F&I5 also necessary to carry out further
experiments to study the effect the SYM6 on higalulon function, to compare with FGF.
Another method to make additional hisactophilimsuror such studies, more detailed
information on the conformations of the turns wolkddesirable, since not all of the
hisactophilin turns are well defined in the NMRusture of PWT. Thus, additional NMR studies

should also be conducted to elucidate additiomatsiral details of the turns.
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Appendix 1 : DNA sequencing for construct plasmid BL

File: HO1_F6L2--SEQprimer_001_0844_RUN.abl  Run Ended: Jan 2, 2007, 15:44:50  Signal G:166 A:231 T:237 C:175  Comment:

Sample: F6L2--SEQprimer Lane: 1 Base spacing 15.48 899 bases in 10809 scans Page 1 of 2
10 20 30 10 50 60 70 20 90
ENNMIN N NTN NNN INCTGT TGANI N IN NN N N NGGN N NNNNNNNTGTGT GN NATTGT GAG CGCG ATAACAAT TT C NACAGG RAACAG RATTT GG AGG !
T |

Appendix 2 : DNA sequencing for construct plasmid E3Y

File: EO5S_F13Y l--seqprimer 020 1572 RUN.abl Run Ended: Jan 28, 2008, 16:40:04 Signal G:47 A:60 T:56 C:54 Comment:
Sample: F1 ?Yl——seqputnﬁn Lane: 20 Base spacing 15.33 717 bases in 8662 scans Page 1 of 1

20 20 a0 5Q &0 7a =34 20 1an0
ANMH H ITNN IINN MITI NN HT G HNMT NN 1 NMNH N NN N NENN I NN N T GT G GNNN NGT GAGCNGNFAARCAATTTC CACRGS AAMIAN RATNT G N NG G A8
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AR AT TR T C e TAACAE G A NA T TCRAARAT CACAT A CECG T CAC TACT TARAC COC TGRAC G CCAACC TGTARAAG AC
!
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ACCATGGETEGTA L T T GC AT TA ARG AC CCAT TG C GG TRAAATAC CT TTCAAC TEGT GATCA TAARCAAGTTTACC TCTCACACCACC

93




Appendix 3 : DNA sequencing for construct plasmid 85L

File: GO5_I85L1--seqprimer_018_1572_RUN.abl Run Ended: Jan 28, 2008, 16:40:04 Signal G:847 A:1194 T:958 C:850 Comment:
Sample: I85L 1--seqprimer Lane: 18 Base spacing 15.50 1318 bases in 16707 scans Page 1 of 2

10 20 30 40 50 60 70 20 50
UM NN M NNN ANGAG CTGT TG NN T TNN NN NGGCTCGTATAATGT GT GG ART TGT GAG CGG AT LT TT QI CACRGG
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Appendix 4 : DNA sequencing for construct plasmid 93L

File: EO1_I93L1--SEQprimer{empty)_004_0844_RUN.abl

Run Ended: Jan 2, 2007, 15:44:50  Signal G:167 A:214 T:184 C:131 Comment:
Sample: i‘BL1--SEOpr1me1{emprva Lane: 4 Base spacing 15.32 1319 bases in 16694 scans Page 1 of 2
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SN NMME T mr N MHN M CTGTTEGMIN THI NN N M NGOG C THNTATEARTGTGT GH NATTGT GAG CGGATARCAATTTC NACRGE BAACEG 2ET TTGG RGG
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HG ARRAATTATG GG TAACR G AGCAT TR RAAT M CAT CACGE T CAC T TTTTARG COC TGAAGG COAACC TETARAG ACTCAC CACGG T CAT CATGAT CAT CACA
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Appendix 5 (a) : Mass spectroscopy result of WT hatophilin.

This determined the mass to be 13323.500 Da comiparhe expected value of 13324.5 Da (Mass
spectroscopy Facility, Dept of Chemistry, Univeyrsif Waterloo)
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Appendix 5 (b) : Mass spectroscopy result of H90G.

This determined the mass to be 13243.1992 Da cadparthe expected value of 13244.5 Da (Mass spsaxipy
Facility, Dept of Chemistry, University of Waterlpo
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Appendix 6 : Restriction enzyme analysis of hisacphilin mutant

Ld 3 4 4

1. Hisactophilin plasmid in 0.7% agarose gel
Lane 1, 2, 4, and 5 are pHisl plasmid and laistBe DNA ladder

2. PCR products lane 1 F13Y, lane 2 DNA ladder, lan3 H90G

98



3. PCR products lane 1F6L, lane 2 DNA laddetane 3 I85L, lane 4 193L

1T 2 2445 67 89 10

4. Restriction enzyme digests of plasmid F13Y on@a7% agarose gel.

Lanel uncut pHisl plasmid run as spercoiled, lap&lal plasmid digested with Aflll, lane 3 pHislgamid digested
with EcoRv + Aflll (Linear DNA, there is no resttion site in the plasmid), lane 4,7 and 10 areuheut F13Y
plasmid, lane 5,8 and 9 F13Y plasmid digested witbRv + Aflll, there is no site for Aflll just lireer DNA from
EcoRv digestion , lane 6 is the DNA ladder. Digaistsolution containsd3 plasmid, il buffer, 41H,0, and 0.5l
EcoRv enzyme,018 Aflll enzyme incubated at 37°C for overnight.
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5. Restriction enzyme digests of plasmid F6L on@7% agarose gel.

Lane 1 uncut pHisl plasmid, lane 2 pHisl plasmidedied with Sacl there is no site in the originabmid run as
expected, lane 3,6 and 8 are the uncut F6L plademé, 4,7, and 9 F6L plasmid digested with Sad,ehzyme cut
once DNA this is the expected mutation, lane Shis DNA ladder.Digestion solution containsuB plasmid, 2
buffer, 4.5uH,0, and 0.1l Sacl enzyme, incubated at 37°C for overnight.

12 34 56 T8 9 10

6. Restriction enzyme digests of plasmid F13Y anddE on a 0.7% agarose gel.

Lane 1 uncut pHisl plasmid, lane 2 pHisl plasmidedited with Sacl there is no site in the originakmid, lane 3
and 10 are pHisl plasmid digested with EcoRV, Ldrie the DNA ladder, lane 5 the uncut F13Y plasdigksted
with Aflll, lane 6 uncut F13Y plasmid digested wiHtoRV, lane 7 uncut F13Y plasmid digested withllAfind
EcoRYV, lane 8 uncut plasmid F6L, and lane 9 F6lisipla digested with Sacl the enzyme cut once thafirto the
mutation. Digestion solution containsu3plasmid, 2l buffer, 4 uH,0, and 0.5l enzyme, incubated at 37°C for
overnight.
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7. Restriction enzyme digests of plasmid I85L on @.7% agarose gel.

Lane 1 uncut pHisl plasmid, lane 2 pHisl plasmigedited with ECORV run around 6 Kbp as expectede &apHisl
plasmid digested with Eco57MI, Lane 4,7, and 9 wareut 185L plasmid, lane 5, 8, and 10 are the I1@fsmid
digested with Eco57Ml, lane 6 is the DNA ladderg&stion solution containgiBplasmid, 2l buffer, 4.5uH,0, and
0.5u Eco57MI enzyme, incubated at 37°C for overnight.

8. Restriction enzyme digests of plasmid I85L on @.7% agarose gel.

Lane 1 uncut pHisl plasmid, lane 2 pHisl plasmidedited with EcoRV, lane 3 pHisl plasmid digestedhwi
Eco57MI. There was 5 faint bands as expected, aud to know the exact size for each band, LanethesDNA
ladder, lane 5 and 7 are uncut I85L plasmid, laren@é 8 are 185L plasmid digested with Eco57MI. Bigmn
solution contains @ plasmid, 2u buffer, 4.5uH,0, and 0.4l Eco57MI enzyme, incubated at 37°C for overnight.
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