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* ABSTRACT

A glutathione S-trapsferase (8j26GST) from Schistosoma japonicum, which functions in
the varasite’s Phase I detoxification pathway, is expressed by the Pharmacia pGEX-2T
plasmid and is widely used a5 a fusion-protein affinity tag. It contains all 217 residues
of Sj26GST and an ad titional 9-residue peptide linker with a thrombin cleavage site at =
* its C-terminus. Size-exclusion HPLC (SEC-HPLC) and SDS-PAGE studies indicate that
punﬁcauon of the hompdimeric protein under nonrectucmg conditions results in the
reversible for~ation of sr,gmﬁcant amounts of 160 -kDa and larger aggregates without
a Joss in camlytlc activity. The basis for oxulatwe aggregation can be ascribed to the high
degrec of exposure of the four cysteine residues per subunit. The conformational stabﬂlty

of the dimeric protein was studied by ures- andtemperature—mduced unfolding -

techniques. Fluorescence-spectroscopy, SEC-HPLC, urea- and temperature-gradient gel
B _electrﬁphorgsis, ultraviolet melting, differential scanning microcalorimetry, and enzyme
acﬁﬁty were employed to monitor structural and functional changes. The unfolding data
indicate the absence of thermodynamlcally stable mtermcd:ams and that the
nniolding/refolding transition isa two-state process involving folded native dimer and

 unfolded monomer, The stability of the protein was found to be dependent on its
. concentration with a AG*#,0) = 26 +1.7 keal/mol. The conformational stability was
unchanged in the presence of the leading antischistosomal drug Praziquantel, which

bound the protein with a Kd = 9 1.8 gM. The strong relationship observed between.
the m-value und the size of the prdtein indicates ¢hat the amount of pmtein surface

exposed to solvent upon unfolding is the major structural de.grminant for the dependence
of the protein’s frec energy of unfolding on urea concentration, Thermograms obtained
by differential scanning calorimetry also fitted to & two-state irreversible unfolding.-
* transition, both in the presence and absence of Praziquantel, with values of AC, = 1779

" cal mol- 1K‘" A, = 227 keal/mol, AHyy = 233 keal/mol (r = AHyy IAHGI = 1,02)
- and AS = 354 cal mol*K™*. The low AC, and AS, when compared with the theoretically

determined values, implied that the thl:rmal denaturatmn of Sj26GST did not result in
: complete unfoldmg of the prote&n. :




- A paper based on the results of this thesis has been published under the folldwing |
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“structure, deﬁmre organised siructure, became.s' the essential ckaracteﬂstxc ofthe
hysica! universe, and this structural character accounts for mary huherro inexplicable
. phenomena" (Smuts, 1926).

" In vivo proteins are manufactured on the ribosome, but shortly after Sanger had
determined the amino acid sequence of the first protein (Sanger, 1952), Anfinsen (1956,
see Anfinsen, 1973) found that it was possible for a protein to spontaneously refold in
~ vitro. This implied that the final _.three-dimensional structure of ' the protein was
determiried by its amino acid sequence, What though did this three-dimensional structure
ook Tike? At that stage no structure of 2 protein was known. Proteins however, “ad been
crystallised (Bemal'aﬁd Crowfoot, 1934 in ?erutz,- 1992). The very fact that ﬁiey éould
e crystallised, implied that each individual protein molecule within the crystal had
assumed the same unique three-dintensional conformation as all its peighbonrs, |
' _ On8 March 1958, the British journal Nature published the first three—dlmenmonnl _
structure ofa protem (Kendrew, et al.; 1958). The protem was myoglobin, and in the

article the authors ziot~d: “perhaps the most remarkable feature of the molecule are its h Y

complexity and -5 lgck of symmetry. The arrangement seems to be almost totally lacking
- in the kind af'regularitiés which one instinctively anticipates, and it is more complicated |
than has been predicted by any theory of protein structure” (Kendrew, et al., 1958). |
The absence of this 'instinctively_ anticipated strﬁcmte was in contrast to the
~ proposed model of DNA by Watson and Crick.(19'53)_which, being highly symmetricai
 and periodic made its method of replication self evident, leading the auttiors to comment:
"It has not escaped our notice ihat the specmc pairing we have pasmlated m:medmfely :

1953). .

Close inspection of myoglobm provided no such stmcme-fw “tion detail. The -
elucidation of the second protein structure, that of haemoglobin (Perutz, etal., 1960) wag

-once again to be dlsappumung in terms of explammg the protem’s function. At thie time

. 1..5

suggests a pass:b!e copyn.g mechamsm far the geuerzc matenal" (Watson and Ctlc:k o



Perutz commented that *Hrtle can be said as yet about the relation besween siructure and
Junction® {Perutz, et al., 1960). ' _
Freon those exciting, yet humblc begmmngs the field of structural blology would.

' develop to tlie stage where protein structures could be exploited for medical purposes
(Riechmann, et al,, 1988) and ligand bmdmg sxtes on proteins woald become predlctable '
(Laskowski ef al., 1996). _

Having access to detailed protain structures (Kendrew ¢f al., 1958; Perutz ef al., '

' 1960), now shone light on the end reault of a protein’s folding pathway What though

- were the rules which had dictated the assumption of this unique confc::mation?

'The challenge oflearmngthescnﬂeswasthmtakenup by researchers in a

diverse range of fields, in their quest to solve what was to beoome known as the "protem .

~ folding problem”. .
~ To date (wid 1997), the pmtem folding problem has rot ylelded Great stridés -
have however been made, and it. 1s my hope that this study - of a prOtelns. e

strucmre-funchun relauonship and its dynmmcs of folding and lmfoldmg, Wlli in some
amall way contribute to a greater understanding of the protein folding problem. The

' protein under investigation is & glutathione § transferase (GST) spemﬁcally the 26 k:Da
GST from Schistosoma japonicum. '

- 17




CHAPTER 1 PROTEIN FOLDING AND STABILITY
1.1 INTRODUCTION

The protein folding problem has attracted reséarchers from all fields of science to its
ranks (Karplus #nd Shakhnovich, 1992): As in many scientific fields the motivation for
wanting to solve the prohlem varies from a rather simple desire to know how it is that
a protein folds into its unique three—dnnensmnal form, to those who desire to apply the
new technology. What though are the possnble applications? '
~ In the last few years the human genome project has received enormous backing
and the project is advancing rapidly. Once the ¢ * ~ genome is mapped, i.e. every gene
onall the chmmosomes in 2 human cell identifiew, .. diverse range of genetlc apphcanons :
are expected to foﬂow Importantly thovgh, it is the protem ‘which is coded for by each
genc which ult:mately results in either the correct or deficient manifestation of the genetic '
code. In order to carry out structure-fanction studies, it is therefore of far greater
* importance to have the three-dimensional structure of the pmtem rather than just the
Sequence of mucleotides which code. for it. At present (mid 1997) just over 4000
structures have been depomted in the Protein Data Bank (PDB) (Bernstein, 1977). Many '

~ of these structutes are variants of a similar structure, either falling within the same |

family of proteins or altsrnatively having merely had specific residues motated. In excess
of 50 000 Pproteins are thought to be coded for by the human genome, and consequently
no structures will be known for the vast majority of them,

_ Furthermore, the conversion of substrates into products by enzymes is due to the -
spec1ﬁc addition or elmnnanon of individual atoms to the substrate. Enzymes havc
therefore been recognised as being the smallest machines in existence. It is therefore
hoped that by exploiting the rules used to solve the protem_ folding problem the field of
nanotechnal gy will come into its own (Drexler, 1990). It is proposed that this

technology Will be able to facilitate the manipulation of individual atoms, applied from
" the rules governing protein folding, for the building of nano-sized robots. In turn these
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- nano-robots could then find potential uses in environments as diverse as a hvmg cell to
guter space. (Sux 1996},

_ The purpose of this chépte: is firstly, to present some of the ideas about protéinf -
folding; from the very ﬁrsf suggestion that protein denaturation was due to the unfolding
of the protein (Wu, 1931, the paper is reprinted in Edsall, 1995), to the development of

' both the kinetic and thermodynamic approaches of folding. The thermodynamic approach
is then pursued and reasans dlswssed on why a protein’s conformational stability is of
interest to solving the folding problem, The aature of denaturation, and the states Which
may ocour along the unfolding pathway are described. Since the differences between
these states are due to, the existence or absence of mn—ccwalent interactions, the next
section discusses the forces which result from these interactions, Fmally some of the

© current experimental and theoretical methods used either- for. determining the protem 8

unfoldmg!refoldmg pathway, or its conformaticnal stabﬂlty are discussed. '

1.1.1 Historical Developmt

| In ivo proteins are manufactured on the ribosome Where tl:u: nascent polypeptide
' chain folds into its final three-dimensional structure, En the 19508 it was assumed that
accessory factors as well as the unfolded polypeptide chain were required for the correct
folding of a protein (Baldwin and. Bisenberg, 1987). In the casc of a
disulphide-containing protein, these factors were assumed to be essential for the correct
formation of disnlphide bonds between the specific cysteine residues, The reasoning was'

" that most disulphide-containing proteins are found o unfold completely. when their S-S
bonds are reduced by a thiol. A given sulfhiydryl (-SH) group in an unfolded polypeptide
chain comprising 6-SH greups wo_ix_ld, upon oxidation, be aﬁie_ 1o react with any of the
other 5-SH groups, Any of the remaining 4-SH groups could then react with any of the
* Tast 3-SH groups efc. resulting in the following combipation: 5x3 x 1, ie. 15 possible
S-S bonds, Tn order to ensure that only the correct disulphide bonds were formed, wduld '
require the positioning of the -SH groups through folding. The problem though is that
"~ the folded structure is not stable unless the $-§ bonds are in-tact. In order to solve this
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dilemma, one needs to turn to the experiments of Anfinsen (Anﬁnsen ¢t al., 1961).

1.1_.2 Anfinsen’s Experiment and the Thermodynamic Bypothesis

Until Anfinsen's expenmenns it was known that nbonuclease A (RNase A), -

contams 4 8-S bonds and undergoes a reversible unfoldmgirefoldmg reaction when the
8-S bonds are lefi intact. Upon reduction of these dlsu_lphlcle bonds, the unfolding of
RNase A is found to be compicte, with reoxidation of #f . protein resulting in the -
~ formation of incorrectly formed S-S bonds (Baldwin and Ezsenbe;rg. 1987)

Anfinsen was able to show that it was possible to correctly pair S-S bonds when botha
small amount of reducing and oxidising agent were snnultaneously added to the protein. . -

The reducing agent caused cleavage of the 5-S bonds and the oxidising agent randomly i

reformed! them. This random reformation of S-S bonds resulted in a reshuffling of the
* disulphides. Upon the formation of the correct disulpliide, the profein was able to fold -
thus burying the S-S bonds. Since these disulphides were no longer accassible to the
reducing agent any further reshuffling was prevented from occurring.

Because these experiments were carried out in virro, Anfinsen concluded that no

accessory factors were- necessary for correct folding of the protein. The reshufﬂmg

- Teaction may even be carried ont by the protem itself, where the -SH groups of cysteine
residues attack S-S bonds in the same protein molecule via a disulphide mterchange

reaction. Protein disulphide jsomerase was found however to increase the rate of correct

folding, and more recenily other chaperons have been 1dent1ﬁecl which atd only in the
-~ rate of refolding (provided the chaperon is a true catalyst), (see Dlll 1990; Freedman,
1992 and the references within). It was therefore suggested that no accessory factors are
involved in folding, rather the m_formatmn needed for the cosrect folding of a protein is
_ contained entirely i its amino acid sequence (for a review see Baldwin and Eisenberg,
. 1987) The S-S bonds themselves are regarded only as fastencrs for remforcmg the -
correctly folded structure.
. The fact that nbonuclease and mdeed many othier pmtems can be denatured and
~ then renatured to full activity (see Dill, 1990 and the references therein) would imply the
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following: denaturation of the large number of native protein molecules in solution results
in unfolding to a very large fumber of different conformations of nearly equal freo
encrgy (Dill, 1987). Thus refolding must begin from this enormous number of lmtlal'
' conformations of the different molecules in solution, along very many folding pnthways
which are thought to more closely resembie funnels than tunmels in confignrational space
(see e.g. Mirny et al., 1996), Yet the end result of refolding is the convergence to the
same native strucﬁ:re This represents the state of the Iowest free energy (Dill, 1987),

implying therefore that the pative structure is ‘thermodynamically stable. Proof of '

thermodynamc stability wonld therefore only require that the native strcture is only a -

function of state and does not depend on the initial conditions leading to that state. By

definition, such a state would be at the globai'minimum of free encrgy miative to all
__other states accessible on tllat time scale (Dill, 1990) Hence the mteresr. in attemptmg.
to predict global energy minima for proteins (see e.g. Scheraga, 1996) and the need to _
determine the cnnfonnat_lonal_ stability of a protein. _

1.1.3 Two-State Folding and the Levinthal Paradox

" Early studies suggested that the denaturaion of a globular proteins is an .
all-or-nothing process. _Jﬁst as in a phase transition which a liquid undergoes to forma
 gas, and the transition comprises only molecules in either the liquid or gas phase, so too
in the transition region of a pretem's denaturation there were thought to be only two
states i.e., folded and unfolded. This implied that any intermediate states, which if
_ present along the pmtem 8 unfoldmg pathway would be so sparsely populated that they
are not measurable, The first evidence to suppert this view was the coincidence of
 denaturation curves measured using different techniques (Lumry e al., 1966; Tanford,
~ 1968). The definitive evidence was however obtained only with the introduction of the
. scanning microcalorimeter (Privalov and Khechinashvili, 1974; Privalov, 1979), The
calorimetric measurements showed that a co-operative folding unit coinciding with d._
 sinigle domain protein would denature without any visible mteunedmte siates (Privalov,

1982)
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Levinthal (1968), took the 2-state model to its logical conclusion by asking how
slowly folding would occur if there were no folding intermediates, and folding took place
. .via a stochastic search, By considering only the polypeptide backbone of a 100 amino
acid residue protein, with only two rotable bonds (2 and ¥), and three possible -
conformations about each rotable bond, there would be 3% possible conformations of the
backbone. By assuming that bond rotation occirts at a rate of 10° sec, then the time ¢
reqm:ed to sample each polypeptide eonformation is # = 3%/(2n x 10%) = 1.3 x10" sec,
or 4 x 107 years (Wetlaufer, 1973). o -
" This calcuiation has been criticised (Dill, 1987) as it ignores the excluded volurae
of the chain and also asswiies the conformations will be explored randomly as the _
molecule teads towerds its tative structure (Dll, 1985; 1987). The search would only
 be random if all the conformations were of equal energy, as would only occur in the case. -
of a homopolomer (Dill, 1985; 1987). Despite this argument reducing the folding time -
by many orders of magnitude, it still does not explain the millisecond time scale of
folding for many small proteins. '
Levinthal’s calculahon therefore prompted the argument that foldmg was in fact
Icmencally controlled because the time scale of folding does not allow for the search

through all possible conformahons As a result there would be no gnarantee of reaching _

~ the thermodynamically most stable state. The high rate of folding was thought to be due
to the proposed existence of folding intermediates (Privalov, 1996 and the references
" therein), which would direct the folding process along a defined pathway

1,1.4 The Thermodynamic Vefsus_ the Kin_eﬁc_ Hypotheses

" The two hypotheses i.e. the thermodynmc hypothesm which stemmed from’ the N
work of Anfinsen (1973) and the kmehn hypothems which arose from the calculatmns of
Levmthal (1968) have led to twe schools of thought as to what dictates the folding
process. The first view attribut-  thermodynamic stability as determmmg the
‘conformation of the folded protein. A cox: *quence of this assuraption would then be that
the k;nehc pathway of folding would e ut ta the xmost stable product. Using a process ..
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of energy minimisation it should in principle be po'ss'ible to predict the structure of the
‘folded protein from its arnino acid sequence (see e.g. Poland and Scheraga, 1970). The
second school of thought holds that the conformation of the final product is dictated by.
the kinetic pathway of folding. Folding is assumed to occur in the fastest route available,

~and the result would be the assumptmn of athree—dlmenmonal strocture dictated by the

rate at which it was achieved, without necessarily being the thermoclynamwally most
stable strucune (see Fersht, 1995). A result of the kinetic approach fo foiding could then _
result in the protein being trapped in a local energy minimum, as opposed to the global
minimum suggested by the kinetic approach. - |
- Different approaches have been used in support of ‘both of these schnols of
thought The mutation of residues which provuie 1o stability to thie folded protein, ye*
affect the folding pathway, provide support for thc kmenc approach. On the other hand
ﬁmcmemodynanucmewmcmectthcnthesemumuonsshouldhavenoeffect '
_ © Atpresent, o evxdence exists to re_]ect the thennndynamlc hypothes's (e.g. Dill,
1987; Sche.raga 1996), and that the native structure of a protem can be solely explmnm '
by means of this hypothesm '

1.2 MEASUREMENT OF PROTEIN STABILITY

_ Interest in proteir stability stems from two main reasons; firstly, the need for the
biotechnological industry to engineer proteins which are stable at above average

temperatures (see e.g. Klibangy, 1983) orin cnirﬁonméﬁts traditionally regarded as being -

hostile to aative protein structire (Zaks and Klibanov, 1984). The second reason stems

- from the fhermodynamic approach to protein folding, where in order o understand bow

a protein acquires its global energy mmmmm itis essent:al to understand how stabﬂxty

is determined.

From the initial studies on protcm unfolding, it was dete:mmcd that proteins
unfold from their native three-dimensional conformation to that of the denatored state.
By assuming that this "denatured” state has no structure, it then becomes possible to
measure the free epergy chamge for the entnre folding reaction by determining the )
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' equilibrium constant K for the reactiun, 1.e. the ratio of the fraction of molecules which
are unfolded 7, to the fraction of molecules which are in the native state, 14, by
toeasuring X as a fanction of denaturant e.g, temperature pH Or ured.

Proteins exhibiting a two-state unfolding pattern appear to anfold in a hlghly'
co-operaiive sigmoidal curve. Initial work conducted on the eneryeti~ - unfolding
implied ﬁlat the much less structured state, usually designated fhe "un._.ed state” of
“denaﬂmed state,” is an ensemble of many pooﬂy structired conformations that behave -
‘asa single continnous distribution of microstates as described in Figure 1.1. From this
observation emerged the two-state approxlmatlon (Lumry et al., 1966), which allowed
the deaturation reaction to be rormally describad by a single equilibrinm constant K.
Hence the stability of a protein to reversxble denaturation may be assigned & umque
_.value, the ﬁ'ﬂe energy dlft‘er:nce between the two states, dematured (D) staie and the
native (V) state, i.e. AG, = Gp - GN B '

- In order to carry. out 2 confomatxonai stability study of a protem the first step
is the choice of denaturant and the condltmns The pH maybekeptlowxnorderto
_ prevent oxidation of the sulfhycdryl groups, and to prevent any jonic effects urea is used
as a denaturant in place of Gdn.CL The next step is determining the reversibility of
unfoldmg ThJS maybeﬂoneby mmparmgtheuansmancurveswhenonebegmswxm.
either a folded or unfolded protein: Alternatively the denaturant may be diluted out toa
fixed concentration, and the reversibility of the denaturation process compared to that of
a reference, In addition the time to teach equilibrium should also be ascertained.
Homogeneity, wnhout the formation of any precipitate through aggregation should also
. be ascertained. This is easily done by Raleigh scatter.

For most proteins however the denatured statc is insoluble, and most of the
physical wchmques -available for characterising it (when in solation) are relauvely o
insensitive for detecting structure with 2 highly flexible dynamic character (Shorile, '.
1996). As & resul of no contradictory evidence protein chemists accepted the assumption
that the denatured state is a featareless random coil-like structure (Shortle, 1996). The -
advantage of this #smmpﬁon is that it simplifies the intei'pretation of expenmental data,
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‘random ¢oil

- stricture -

N D

free

Figuré 1.1. The reversible denaniration reaction: an equilibrium between thie native state -
(N) and the denatured state (D}, i.e. two macrostates or the distribution of microstates.
The stability of a protein is determined by the free energy difference between these two |
states AG = Gy~ Gy, When the stability of a protein declines, the change in stability can
result from and incresse in Gy (AGy > 0) or from a decrease in Gp(AG < 0), ora .
combination of such effects (adapted from Shortle, 1996).
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By definition, 2 random coil is a energetically well-defined reference state in which no
side chain-side chain interactions occur (Shortle, 1996). Hence, the closer the denatured
state is to the random coil the lacger is the role played by the energetics of the native
state. Effectively, the experimentally measured ;hermodynzmic' parameters reflect the -
entire process of pmtéin folding, with the sum total of interactions in the native state o
supplying all the free energy nesded to drive the formation of structure (Shortle; 1996),

1.3 DENATURATIQN AND THE DIFFERENT momm STATES

* The two-state appmxlmatlon mplles the presence of ouly & native and unfolded
stafe separated by the denaturatlon process, In this section the process of denaturanon and .

. the above mentioned two states are discussed, - .

1.3.1 Denaturation

Numerous denaturants are used to study the unfolding of proteins. These inclhude -
heat, cold, pressure, acid, alkali, or organic denafurants such as ures or Gdu.CL The
unfolding of & protein has been investigated by both computstional and experimentai o
studies. Recently, the data has begun to converge (Schiffer and Datsch, 1996) and while
mumerous suggestions have been proposed as to the nature of :denaun'ation it has been
. suggested that the primary reason for protein unfolding is due 10 a disruption of the

- balance of forces befween a protein’s interaction with itself and its environment. (Schiffer

~and Détsch, 1996), This distuption in the balance of forces is thought to be due to the
perturberance in the normal water stméfure around a protein, with the decrease in tﬁ;*; - '

normal water-watep interactions 'resulting in an 'nicreasé in the relative interaction of :
water with protein, which in turn may initiate a protein’s unfoldmg, ' )

In ooncanttated Gdn.Cl and urea golutions, normal water ‘structure no longer :

exists (Collins and Washbaugh 1985; Pace et al., 1492). The ureg-water mteracnon s

weaker than that of the water-water mteractmn. This reductmn in normal water-water
inieractions disrupts. the dynamic network of hydrogen bonds that exist in pure water,
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Since water molecules are not maximaily involved in hydrogen bonding, they are now
chle to fnteract more strongly with solutes, Tf the sohute i a protein, the water molecules
would now be able to compete for its internal hydrogen bonds, 20d by so doing initiate
protein uafolding. ‘

Utea is known via NMR to inferact directly with the aliphatic side chains of 2
denatured protein (Détsch et al., 1995 2nd the references therein), and has also been
deduced via compuiational means to interact with aromatic side chains (Duffy er al.,
1993), Tt is however thought that this direct interaction with the protein does not initiate
" unfolding. Rather, urea and Gdn,Clare thought to have a secondary role, i. by binding

1o the hydrophobic residues of the protea: they aid in mamtammg the solubility of the.
unfolded protein (Schiffer and Ddtsch, 1996). This is in contrast to other chaotropes such _
a8 sodium thiocyanate, where no direct protem—denamrant interaction occurs wh:ch_ |

results in the precipitation of the protein (Schiffer and Dbtschi, 1996), '
' Temperature is thought to promote denaturation of the protein by destabilising the
native state via its action on that state (Shorile, 1996) The thermal denaturation at higher

temperatures is attributable to the gam in conformational freedom of the cham hemg o

more advantageous than the gain in interactions of the nonpolar contacis (Dill, 1990)

" Because of its Jurge entropy, the denatured state decreases rapidly in free emergy asthe

temperature is raised (-TAS), Some proteins begin to denature when the temperature s
lowered to near 0°C (Schellman, 1987). In this situation; it is the lower enthalpy of the
denatured state (formed by clathrates around the exposed hydrophobic chains) which

shifts the equilibrium away from the native state (Shortle, 1996). '

1.3.2 Native State

_ The primary strocture of 4 prott_ain is defined as being the actual sequence of -

amino acids which comprise' its polypeptide chain, With few exceptions pepfide groups
are constrained by resonance effects to assume a planar, trans conformation, Steric
interactions further limit the conformations of the polypeptide backbone by restricting the
angles of & (Co-N bond) and ¥ (Ce - C bond), to three smail regions in the
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Ramachandran diagram. The diagram provides a graphic representation of _thé sterically
. permitted and forbidden conformations, where the non-honding interatomic distance is -
either within (permitted) or less than {forbidden) van der Waals dlstances. Glycme .
residues, not having Cg8 atoms are 0t constrained to these regions.

‘The protein’s secondary structure is defined as the local conformatmn of its
backbone, the speclﬁc folding patterns which are Identlﬁed by secondary structure
* - include: helices, pleated sheets and turns. ' .

' The c-helix whose conformation angles fall Wlthln the allowed regions of the
 Ramachandran diagram, is held together by hydrogen bonds, The 3, helix, which is
“more tightly coiled than that of the r’x—helix', lies in a mildly forbidden region of the

. 'Ramachandran diagram, 'I'hesc ‘helices occur less frequently, usually a5 a smgle tum :

tgrmmat:on of o-helices, o
B-sheets are found t6 occur both in parallel and i inan annparallel fashion. fn both

' . these instances, the th: or more fully extended polypeptide chams associate, fomung._ -

hydrogen bonds hietween the neighbouring chains. These ﬁ-sheets have a nght—handed'
curl when viewed along their polypepude chiatuis, Fl:equently the cham reverses its
direction through a 8-bend, _
" Otheér arrangements of the polypeptide chain are more dlfﬁcult to describe :
~ but are no less ordered than the o or B st:uctures found in the rest of the
.protem ' '
- The major secondary structure elements of a—hehces and ﬁ—sheets occur in most
globular proteins, The side chain location varies with polanty,_ the ronpolar res_ldues _ |
oceur predominanﬂy.in the interior of a protein, out of contact with the aquecus solvent.
~ 'The charged polar residues are located on the protein sﬁrface_, with the uncharged polar .
groups located both in the interior of the protein as well as on its surfive, The globular
proteins are compact, with crystal structures indicating the presence of little space ipside,
- &b that water is 1arge1y excluded from the interior, The micefle like arrangement of the
side chains (polar groups nutsxde nuupolar groups inside) has led to the analogy been. |
' drawn with oil droplets. The packing density of the internal regions of globular proteins
is how'e_ver in the same range as mqle_cular crystals of sx_:ﬁall organic ﬁmlecul_es (Privalov, -

28




1995). Tmplying therefore that the interior of a protein is very ‘efficiently packed. The
ability of hydrogen bond donors to find acceptors, is dus to the fact that most hydrogen
bonding partners are on residues in very close sequence to each other. Thus explaining .
why the majority of hydfogen bonds are formed by backbone N-H groups. The majority
"of bonds in protein side chains; including those occupying protein cores, almost
invariably have low-energy staggeréd torsion angles. Thesefore, despite the profusion of _
~ intramolecular interactions, the mteuor side chains adopt relaxed conformations (Voet -
aud Voet, 1995). ' - a

- _..1.3.2,1_'Subm_1it i_memﬁm

_ The multip_lo polar and nonpolar groups in proteins make them notorious for _
stmhng to virtually anything. One exception though is that they do not stick to other -
proteins except under very special circumstances. Proteins of molecular masses in cxoess'
of 100 kDa usually oompnse more than one subunit, where these subunits are found to
associate in a very specific n_‘launer._ Soveral reasons have been proposed why

-multisubunit proteins are so common. In strctural proteins such as collagen fibers the
advantage of havmg the large protem compnsmg an assembly of 1denncal subumits rather -

than one large melecule is analogous to the use of prefabricated components in building
oonstructxon, where defective components may be replaced without the need for

replacing the catire structure (Voet and Voet, 1990). From a genetic point of view the |

edifice is merely translated fro1-- a single geng, or in the case of non-identical subunits,
 from & few small genes of average size. In the case of enzymes, increasing the proi:ei:i* '
size-tends to better fix the positions of the atoms forming the enzyme s active site (Voet
and Voet 1990}. Assuming each subunit has an active gite, then increasing the size of -
the enzyme via the association of the two subunits results in grester efficiency, assummg- _
both active sites are accessible to the substrates sunultaneously A multlsubumt protein

" may consist of identical or nox-identical polypeptxde chains wluch associate via. an - .

interface which closely resembles the interior of a single protein subumit. The contact
region contams closely packed nonpolar side chains, hydrogen bonds involving the
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polypeptide backbones and their side chains. In the majority of oligomeric proteins (i.c.
* proteins containing identical suburits) the subunits are symmetrically arranged, whereby
the subumts occupy geometrically equivalent positions in the oligomer. This therefore_' :
irmplies that each monomer has exhausted its capacity to bind to other monomers;

~ otherwise higher oligomers would form. As a result of this limited binding capaclty,

individual monomers pack about a single point to form a closed shell. No mieror
symmetry canexmtmprotems smcethlswou]dreqmrethenamrally oceurring L-amino
acids to be converted into D-amino acids, Since D-amino acmsdomtoccurnaturallyﬂm
only type of symmetry occurring in proteins s that of rotational symmetry, Numerous
types of rotational symmetry occur in protems, the most simple being that of cycllc

symmetry Herethesubumts are related by a single axis ofromtmn Proteins with a 2, B

- &, ...n-fold rotational axes are said to have C,, C,, ..C,l syrameiry respectwely An -

_ oligomer with G, symmeu‘y wonld therefore consist of 2 subunits that are related by 3607
- f2 = 180°,

~ 1.3.3 The Denatured State

From the ongmal work of Tanford: (1968 19‘70) evidence began to mount that the .
denatured state was not a random coil. In GM GdnCl the hydrodynamic radii of a '

number of small proteins agreed well with the thearetical estimatés of the values of "

randomcoﬂs Innoway howevercanarandomcoﬂfoundmeg 6M urea emulate
conditions I vivo, Polypeptide chains swell and become less structured as solvent-side
chain interactions becomie more favourable (Uversky and Pritsyn, 1994; Dill and Shortle,
1991). More recent experimentation using small-angle X-ray scattering has shown that
‘even in high concentrations of denaturant, s:gmﬁcant amoants of rasidual structure may.
still be presem (Katanka et al., 1993). '

1.3.4 Intermediate States i Protein Folding

* Since the rate of protein folding and the yield of  correctly folded conformation
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rules out the possibﬂlty that folding is a simple stochastic process (I.evmtha]
1968;1969), the process has to be directed. Thereby implying that it moves through a
 series of intermediate states with deereasmg Gibbs free energies (analov, 1996). Due
o these states bemg largely unstable and short lwed they are very difficult to
characterise. Under certain conditions however, some protems have been observed to
contain states which are neither native nor eompletely unfolded {Tanford, 1968; Phtsyn, _
1992). What however are these intermediates? Are they - merely meerrectly folded'
proteins trapped in a potentlal well or - artifacts of folding? Alternatively, they may in fact
be true intermediates in the folding pathway comprising a global Imacroscopic state of the
whole protein. This would exclude a state in which only part of the molecule is folded .
| which wonld rather be representative of an mdepenﬂenﬂy folding domain.” .
- Ithas been suggested (e.g. Dill and Stlgter 1995; Privaloy, 1996) that the foldmg
of a polypeptide chain starts by the collapse of the polymer into a compact liquid-like
globule from which it later acquires the native conformation via the adjustment of its
groups. While the collapse of the polypeptide into the compact globule is expected to be |
very fast, the adjustment of the side chains in the very viscous condensed phase would
be expected to be nmuch slower (Privalov, 1996). The collapse of the.' chajn,'wuuld__resﬁlt
in a significant redaction of the configurational phase space, dramatically Hmiting the
number of folding opticns, and there_fore..was thought to be able to solve Levinthal's
paradox (Ptitsyn, 1973; 1992; 19954:b). As a result the hypothesis of a "molten gotnle”
~ state gained support from the very ﬁrst observations Whlch supported this idea
(Kuwajima, 1977). '
‘Initially the molten globu]e was assumed to be 2 co]lapsed state of the polypepnde
chain without fixed, speclﬁc long range interactions (Privalov, 1996). The collapsed state
- was thought to be maintained by hydrophoblc interactions, i.e. the external pressure of
. water that does’ not penetrate inside the globule (Piitsyn, 1992; Dill, 1990; Dill and )
Stigter, 1995). Furthermore, it was suggested that this compaction would promote a
helical confo_rme.tion'of the chain (Dill, 1990; Chan and Dilt, 1991). Thus the molten
globule appeared to be a highly dynamic compact state of the polypeptide chain, without
the tertiary structure but with some helieity, but not necessarily related to the secondary
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strueture of the native protein. _

Later, water was "introduced” to this "dry molten globule," resulting in the
forsuation of the "wet molten globule" and then the "swollen molten globule" (Pinkelstein
and Shaknovich, 1989). When it was suggested that a polypeptide chaix in the molten |
globule had a "native-like fold" the "highly ordered” molten globule was introduced
(Ptitsyn, 1995b; Peng and Kim, 1994; Redfield of al., 1994). '

A thermodynamic state of a macroscopic system is understood to be a state that -
: _' differs significantly from all other states in its extensive thezmodynam;c parameters such
as enthalpy, entmp}'. volume etc. (Privalov, 1996). Transition ﬁom one thermodynamlc
state to another therefore proceeds with & drastic change of these parameters Such a
cnange of state is termed a first-order phase transition (Privalov, 1996). If one were then
to consider a protein macromoleculc asa macrnscoplc_system, then the separation of the N
native gtate from the denatured state (ina smgle domain proteiti) by a highly cooperative,
two-state transition, could also be regarded as a first-order phase transition, since it -
proceeds with drastic changes in entbalpy, entropy and volume (Privalov, 1979, 1989,
1996) While the molten globule is known to be separated from the native state of the
protein by a first-order phase transition, it is unclear as to wllether it is separated from '
 the unfolded state by a ﬁrst—order phase transition (Privalov, 1996) Aocordmg to
- statistical mechanical studies, the collapse of a polymer chain into a molten globule

should result in & second order phase transition, accompanied by changes in the Heat
capacity and compressibility (Lifshitz ef al., 1978; Shakhnovich aud Finkelstein, 1989;
Finkelstein and Shankhnovich, 1989; Bryngleson and Wolynes, 1987), |
Recently, the idea of a molten globule has been criticised (Prlvalov, 1996) ‘The
fact that the molten globule and unfolded protein move in different’ peaks ina
_ size-exclusion chromato praphic experiment (Ptitsyn and Uverski 1994), would imply that
their rates of mte_rconversnox_:l are very slow (Pmralov, 1996). Hence, the molten globule
state could 1ot be Tegarded as dynamic with 2 highly mobile conformation, Finally the
native-like fold of a polypeptide chain assumes the existence of many fixed long-range
interactions, the concept of descnbmg a state wn‘h such attributes as molten i.e. lquefied |
‘state seems wrong (Privalov, 1996).
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14 NON—COVALENT INTERACTIONS

“The search for a global energy minimum, is dictated by the mteractlons whlch
individual atoms in the protein have with others atoms. All these mteractmns are
non-covalent, and are discussed in this section. . _

Since proleins are only marginaily stable at room temperature, ne type of

_molecular interaction is unimportant and even small interactions can contribute
| signiﬁoantly '(positivély or negatively) to a protein’s stability (Dill ' 1990) Over the years
different non—oovaleut interactions have been regarded as providing the dominant forces
in stablhsmg proteins. The denamratzon of proteins upon heating was thought to be due
to the breaking of the hydrooeu bouds with- a large unfavourable enthalpy change
Howevet, the ongmal proposalbyl{aumnann (1959), that non polar mteract:,ous lmparted :
' most of the stablhty to the native protem is still rega:rdod as valid (Dlll 1990).

'1.4.1 Hydrogen Bonding

' The relative contributions of any forces ina prntein under physiological conditions
- are difficult to evaluate. Firstly, because binding forces under these conditions represent -
competition between binding to water and binding to. another group, and not the et
formation of a new bond in a vacuum, Secondly, the results of studies on small model
' 'compounds in aqueous solutxon calmot be applied directly to proteins because the
 different parts of a protem are held together by a covalent peptide backbone, whereas
.small molecules are not (Abeles et al., 1992).
~ Hydrogen bonds (D-H~—A) are predominantly electrostatlc interactions hetween
~ & weakly acid donor group (D-H) and an gcceptor atom (A) that bears a lope pair of
. electrons. In biochemical systems the I and A can be both the highly electronegative N
- and O atoms and occasionally S atoms as well. The hydrogen bonds are much more
directional that: van der Waals.forces, although less so than in the case of covalent
ioteractions. Their association energies are usually in the range of -2.8 to -7 kCalfmol, :
with the D-—A distance in the range of 2.7 to 3.1 A. The strength of the interaction is
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dependent on the geometry, with the D-H bond being at its strongest when pointing along
the acceptors. lone pair orbital. Devratmns from this ideal geometry are however not
unusual, with the hydrogen bonds in alpha helices and in antiparailel beta sheets, the N-H

bhonds point along the C=0 bonds rather than along the O lone pa.r orbital (see e.g. Voet_ |

- and Voet, 1990).
The internal hydrogen bouding atoms i a protem are arranged to facilitate the

| maximum number of hydrogen bonds. Breakage of the internal hydrogen bounds upon -

unfolding of the protein results in no net loss of hydr:,, = bonds as they are now formed
between the hydrogen bonding atoms and the swrounding water. molecules. Tl1e free
energy of stabllxsatlon derived from the internal hydrogen bonds are therefore equal to
the - difference in the free energy of hydrogen bonding between whe native aud the

unfolded protein. Since most of the hydrogen bonds have similar free energies, internal .-

' hydrogen bondmg was, until recmﬂy, not tlmught to significantly stabilise the structure ;

of the native protein relative to its unfolded state (Abeles et al., 1992). This idea is |

suppurted by the fact that in the presence of organic solvents which lower the dielectric
- constant of the solution, proteins unfuid. Since hydrogen bonds are slightly ionic, the :
lowering of the dielectric constant should increase their strength, effectively stabilising
the protein, More recent evidence (Myers and Pace, 1996} suggeste that hydrogen hende '
. significantly stabilise native protein structures and provide elevated stabﬂtty 1o
' thermostable proteins (Vogt and Argos, 1997),

1.4.2 Nonpolar Interactioile |

Two kinds of explanations have been used o describe the tendency of nonpolar
_molecules __to. chimp mgether in an aquecus solution. The first explanaﬁon. the
hydrophobic interaction (Kauzmann, 1959), describes the hydrogen bouding, present’

" between water molecules as effectively squeezmg out the nonpolar groups, and by so
doing, forces these groups to aggregate. The second explanation deals vvith the attraction
-of nonpolar groupe for eacti othier. Xf the attvaction between the gronps is Jarger than that |
between the groups and water then they wﬂl tend 0 come Mgemer
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1.4.2.1 Hydrophobic interactions

The hydrophobic interaction is a consequence of the high polarity and strong
hydrogen bonding ability of water. Due to the strong interaction of the water molecules
with each dthef, and their stronger interaction with each other than with a nonpolar
molecile, a resistance is created (o the insertion of nonpolar molecules. As a result, |
nonpolar groups tend fo interact with each other and iu so doing they reduce their-
exposed surface area to the surroundmg water, aIlowmg the water to mteract more

. strongly witi:  lelf.

Contrary to what may be expected the mseruon of a nonpolar molecule into water' -

" does not result in the bresking of hydrogen bonds between water molecules. The water
“molecules at a monpolar surface are Dot able to form hydrogen bonds -or dipolar

interactions with the surface. However, they can form hydrogen bonds with ofher water

molecules either &t or below the surface (Collins and Washbaugh, 1985). This results in -

an increase in the ordering of water molecules at the' surface, i.e, the system becomes_
eniropically opposed with a reduction in the -AS, and hence an increase in the +AG (AG :

= AH - TAS) The formation of these hydrogen bonds corresponds to the xeaction bemg

uthalp:ca]]y driven (-AH). However, the net change in G remains posxt:ve

Results of Monte Carlo caleulations of the lowest energy states for a large nitmber
of different arrangements of water molecnles surroundmg 2 hydrocarbon (Jorgensen ef
al., 1985), have led to the conclusion that the negative changes in botht AS and AH were
not due to a net increase in the number of hydrogen bonds of the water molecules around
the nonpolar molecule. Rather the mumber of hydrogen bonds is approximately the same
for the water molecules in the bulk solution as those around the hydrocarbon. Hence the -
enthalpically driven process is attributable to the interaction of the water molecnles with
the Jissolved hydrocarbon by diopole—induoed dipole and dispersion forces. The eritropy

 decrease is due to the water molecules existing in a smaller number ofdxfferem:posmons '

in the region uccupled Yy the nonpolar molecyle. .
The effect of two nonpolar malecules coming together in water WDIJld then be &

~ reduction in the number of unfavourable interactions with water because the surface area
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2 hydrophobic molecules in contact with water is reduced. As 2 result the muimber
of water inolecules surrounding the nonpolar dimer is now reduced, causing au increase
% the entropy of the system, with a favourable change in the Gibbs energy, -AG. The
* increase in entropy is accompamedby an increase in the enthalpy, AH, becmsethereare '

fewer molecules in contact with the nonpolar surface, '
Thefoldmgup of a protein to form hydmphoblc mteracnonsmﬁle interior of the
folded protein is one example of this process, since it decreases the exposure of the. .
nonpolar surface to water. The formation of most chemical bonds gives off heat. While
' in this case one is d ling with an interaction rather than a bond, there should stili be a -
- negative change of enthalpy, implying that the reaction is more favour‘able at low
t’eﬁlperamfes' Homer, reduction in the number of nonpolar-wafGr interactions which
onelr upon aggregatmn ‘of. nonpolar molecules (the association of nonpolar residues. _ |
during protem foldmg) results in a posmve enthalpy change. As a result of the reduced

- ordenng of the water molecules with. increasing temperature, the h}d.rophoblc emtropy .

is highly temperature dcpendent (-TAS) (Dilt, 1987), i.e. decreaging in magmtude while
increasir; in temperature, The consequent rise in AH wonid thus imply that the
hydrophobxc interaction becomes stronger with i mcrea_smg temperalure (analov and Gill,
1988). This is true up to about 60°C, above this temperature, the enthalpy change for
interactic1 of nonpolar groups in water becomes zero and then negative. At lugher-
' tcmperamres therefore, the strength of the mtera.:tmns bhetween nonpolar groups in water
decreaseswﬂhuueabgtemperamreandmostprotemsdenm _

Consequently, many proteins have maximum stability at temperaunes in the
physiological ratge. Above this range, they undergo denaturation because of the positive

enthalpy of denaturation. Below this range, with the exclusion of damage by ice - e

formation, they undergo cold dematuration due to the weakening of the hydrophobzc.
interactions, whete the decrease .. enthalpy wom the breaking of hydrophobm :
" interactions {and hence increase in the number of uonpo'lar-water jz torctions) is larger
than the increase in the enthalpy from the breaking of other inte:actions (such as
hydrogen bonds). So that the net enthalpy of densturation is negative and dematuration
becomes more favourable with decreasing temperature (see ¢.g. Franks, 1995).
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1.4.2.2 Dispersion interactions

- The second explanation for mﬁpular interactions in water is based on the
attraction of nonpolur groups for each other, Nonpolar groups are also held together by
- wealk attractive van der Waals, or London dispersitm inferactions hetween any two
molecules in contact. These forces are stronger between organic molecules than between
water molecules, The strong hydrogen bonds and dipole interactions of water lead to-a .
degree of structuring and resist close packing of the water miolecules, resulting in the
water being an unusually open liquid, with large amouats of empty spaces between the -
water molecules. The strength of the van der Waals interabtions depends largely on the
amount of matter that i i in cloge contact, so that these interactions are stronger between )
two organic molecules, or two parts of a protein, than between the water and orgamc N
molecule or protem As 8 result the orgamc molecules Wl]l tend to interact more ' "
favourably with each other. - . S
_ As in most chemical bonds, these van der Waa!s interactions have a negative
' enthalpy change. The bresking of these interactions as well as hydrogen bonds is
_ responmble for the posmve change in enthalpy that is observed for the denatmatmn of .
" most proteins at high temperatures. : :
It appears that neither the "squeezing out" hydrophobic interaction or the_'
dispersion force are mufually exclusive, The water is 2 strongly dipolar, ‘hydrogen
* bonded liquid that resists the insertion of anything that cannot interact strongly with it.
On the other hand, protefns are large, dense molecules with atoms which may be highly
* polarised. The peptide chain is therefore more likely to fold up and interact with itself
more strongly than it interacts thh small water molecules,

1.4.2.3 Flectrostatic interactions

The aszociation of two ionic protem"groups of opposite charge, ivithin#A of each
other is known as an ion pair or salt bridge (Barlow and Thornton, 1983). Repulsive
forces between charged groups can cause denaturation of a protein, particularly at low
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ionic strength. If the salt concentration is low, the charges on proteins are not shielded
by a cloud of ions of opposite charge, so that the interactions between charges become
much more important than at high ionic strength, Free jons in solution are highly
solvated however, 50 that the free energy of solvation of two 'separated ions xs about
equal {o the free energy of formation of their unsolvated ion palr Most ion pairs are
found to occur between residues that are distant in sequence a.long the promm polypepude

‘chain (Baldwin and Eisenberg, 1987). Thus they are thovght to stabilise tertiary
‘structure, rather than secondary structure, although their contribution is thought o be
- small. This partially accounts for the fact that buried (unsoh'rated) ion pairs rarely occur

in proteins and that the ion pairs that are exposed to the agueous solvent are poorly

- conserved amongst homologt)us protcms

1.5 METHODS USED TO MONITOR THE UNFOLD]NG!REFOLDD#G

PATHWAY AND STABILITY OF A PROTEIN

1.5.1 Physmo-Chenncal Means ol’ Determining a Protem’s UnfoldmngefoldIng_
Pathway

The most ideal method for monitoring the unfolding/refolding of a protein would
be a technique «hereby the three-dimensional position of each atom in a protein could
be assigned a specific position in three-dimensional space as the protein unfolded/refolded
from its native ..ate to its denatured state or vice versa, Currently, only two procedures

are available for characterising the necessary structures at the individual residue or ever

atom resolution, i.e. Nuclear Magnetic Resonance '(NMR) and through the analysis of
transition states. NMR is unparalleled as a spectroscopic technique in the'_lcvel of detail
which may be obtained for siructure solution. The method may be applied to analysing

 stable states, includitg the unfolded state, and also for stadying Lmnsmnt species by

Hydrogen-Denterium (H-D) excb,ange For highly defined structures, information is given
abont backbone and side chains, In the case of less defined structures as well as H-D

exchange, information tends to be more about the backbone and secondary structure.
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The only way of analysing transition stafes is by kinetics, and the only way of
analysing detail at individual residues is by kinetic measurements on mutant enzymes, as
laid out by Matouschek ef al, (1989, 1990) and Arcus ef al.(1994). This "protein
engineering approach" may also be used for the characterisation of intermediates. The
procedure has been described in detail (Fersht e ., 1992) and reviewed (Fersht, 1993).
The principle applied is very simple: a suitable residne in the protein is mutated,
- generally to a simaller one, or to that of an alanine, and the chauge in stablhty of the-

protein is measured, The effects of the mutation on the stability of intermediates and
transition. states are eiso measured, In order to circumvent the need to clucidate the
strucure of the mutant protein, if the transition state were to be destabilised by exactly
the same amount as the folded state, then the structure at the site of the mutatioﬁ is most-
likely the full native structure. If, on the ofber hand, the mutation does not alter e
stablht.y of the transition state at all, then the protein must be fully unfolded at the site-

B of the mutation, These principles may. in turn be converted to quantltatwe terms by

defining a parameter & which is the ratio of change in energy of a particular state to the
 change in energy of the native state on mutstion; & = 0 means the strucmre is not
' formed; & = 1 means the structure is fully formed.

Exploiting both these techniques, a method has beert proposed for the fOIdmg
pathway of Chymotrypsm Intibitor 2 (CI2). The method of folding proposed is that of
nucleation condensation (Fersht, 1995). The "micleus” is formed by those residues
involved in the initia site around wisich the rest of the molecule condenses. The concept
of a "collapse” of the protein around its hydrophobic core, has also been suggested by
others (Dill, 1995). This concept of nucleation condensation has also been successfully
carried ont using computer simulation (Daggett et al., 1996), B

" " Other structural probes which have been exploited are fluorescence for monitoring

_ changes in the environment of specific residues inside the protein, Polarisation is another _
techmque which monitors the tumbling of specific residues within the protein Additional
spectroscopic probes include second derivative spectroscopy, and circular dichroism for

- monitoring ¢-helix formation or digappearance. These structural changes, induce changes
in the hydrodynamic volume of the _protein which may be monitored by size exclusion -
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chromatography, or gel electrophorems in the presence or absence of denaturants such _
as sodium dodecylsulfate (SDS), urea or heat.

Conventional enzymology may be used as a functional probe in cases where the
protein displays enzyme activity. An alteration in the orlentatlon of atoms which
constitute the active site resulis in a discernable mcreaseldecrease in the: catalytic acuvny
of the enzyme. While only limited information is available by follo“rmg the enzyme
catalysed reaction under steady state conditions, the rate of these reactions is such that
use of a stopped flow apparatus is essential for monitormg the pre-steady -state veaction,
" The stopped flow in turn has been. exploited for mornitoring the protein’s
folding/unfolding under non-equilibrinm conditions, as opposed to that ocourring under
equilibrium conditions (see e.g. Service, 1996). In the case of the latter, onty
- thennndynanucaﬂy stable specms are dlsccrmble In the case of the former, transiently
| formed, i.e. non the:modynam:cally stable species or kmenc intermediates may be
 identified. - |

1.5.2 Theoretical Studies

Levixthal (1968) was the first to suggest that the way in which a protein folded
was 1ot dictated by a random stochastic search, whereby the protein adopts all possible
conformations before finally assnring its energetically most stable conformation, the
‘native state, Since the native state i§ unique, confirmed by the fact that proteins do
orystaliise, what would dictate the assumption of this energetically most stable state
 reached by obtaining a global energy minimum? Since it is not possible to monitor the
It_iovement of each individual atom of a protein as it moves from its position in & random
coil towards its final position in the native protein, the equilibrium properties of matter
" may be considered from two points -of view: the macroscopic and the microscopic.
Thermodynamies is  macroscopic view which describes the bebaviour of large mumbers
' df'mdlecﬂlcg in terms of pressure, volmﬁs,: t>mperature, composition, and exchanges of
* heat and work, The quantitative re_lationships. betv.;'een'various measured pfopcrties are -
not based on any model of the microscopic structure of matter. For example the
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experimental quantity AG = Gy, - Gy, where Gy and Gy represent the free energy of the
denatured and native states respectively . The differences between the two values are
determined by the laws of thermodynamics; though the absolute values of Gp and Gy
are indeterminable within the framework of tliermedynsmics. The macroscopic view of
thermodynamics starts off with experiment and is built up with the development of a
scheme to explain the experimental observables.' On the other hand, clsssical and
quantum mechamcs provide a nucroscopm description for the structure and interactions -
of molecules, Ideally one would like to be able to predict the thennodynmmc behaviour
of substances using our knowledge about individual molecules. ¥f the mass, position,

o velocity, momentum, kinetic energy and potential energy of each and every atom of the
protein and those of the solvent were known as a function of time, it would then in

principle be possnble to calculate il the propertles of the system Unfortunately the
complexity of dealing with so many equations precludes this approach therefore one is
compelled to deal with the system on z statistical basis. Statistical mechanics provides
the needed bridge between microscopic mechanics (classicel and quantum) and
‘macroscopic thermodynamics. (sée .. Alberty, 1987). With the advent of powerful and
affordable computers molecuiar dynamics methods have become a wide-spread means for
simulating molecular-scale models of matter, Since the time of Newton, the N-body -
- problem of ciassical mechanics was viewed as important. The reasons for the importance
of this problem have evolved, and at present its importance stems from attempts to relate
collective dynamics o single-particle dynamics. This wonld then explain how the

behaviour of large collections of pamcles can be explained by examining the motions of

_mdlvidual particles _ . .
A mnlecular scale sunulatxon congists of three pnncxple steps' (1) construction of |
~ a model, (2) calculation of molecular trajectories, and (3) analysis of those frajectories
~ to obtain proﬁerty values. The second step constitutes the simulation proper, providing:
the molecular positions. In molecnlar dynamics the positions are obtained by soiving. |
 differential equations of motion and henics, the positions are connected in time, where -
the pdsitions reveal dynaxn{cs of individual molecules as in 2 motion picture. Despite the |
_availability of supercomputers. computmg limitations require that the t_inie invelve_d for .
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the simulation needs to be dramatically reduced, in the order of nanoseconds, whereas
the timescale for a protein to unfold is in the prder of milliseconds. In order to do this,
the simulated temperature of the system needs to be increased dramatically, often well
above the boiltng point of water, where the protein would find itself in a solvent no
longer in the liquid phase. Other computmg lmnmtwns involve the actual number- af
atoms whose trajectones may be smulated In order to overcome this effect,
two-dmenslonal or cubic lattices (see e.g. Dinner et al,, 1996) represematm_’. of the

whole protein are used to overcome this deficiency. In still other simulation mét]_md_s, the |

positions are computed from hybrid schemes that involve some deterministic features; as
| in mole(:'ular dynamics, and some stochastic featm‘es such as Monte Carlo simulations.
In Monte Caxlo simulations the molecnjar posmons are generated stochastxeaﬁy such that
: ‘a molecular configuration depends cnly on theprevxous conﬁgurauon ‘The results of the
' eombmation of the deterministic (molecular dynamic) with the stochastlc (Monte Carlo)
are then compared to the macroscapic model, with a reduction in the number of Monte
Carlo "moves" indicatmg an improvement in the simblation. Simulations however are
also prone to error, but with a constantly expandmg databank of physico-chemically
derived resuls with which to compare the snuulanons the. prmuples uf protaem foldmg .
_ are gradually being learned, ' '
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CHAPTER 2 GLUTATHIONE S-TRANSFERASES
2.1 INTRODUCTION

Glutathione S-transferdses (GSTs, BC 2.5.1.18) the multigene family of

isoenzymes were first discovered in thé early 1960°s (Booth ef al., 1961). They are

- widely distributed amongst aerobic organisms (Pemible and Taylor, 1992), and localised -
in mammalian tissze where they are most able to carry out their function of

 Getoxification. Together with other detoxifying enzymes, they are co]lectlvely known as

_enzymes of detoxmatlon (Takoby and Ziegler, 1990)
2,11 Glutathione S-transfersses as Enzymes of Detoxication

_ ‘The: GSTs, together with flavin-containing - monoxygenases, - amine |
_ N-methyltransferases, sulfoh'ansferases, and othezs, form the enzymes of detoxication

(Jakoby and Ziegler, 1990). In all llvmg organisms a broad system exists for the
recyclmg of either naturally oocumng or synthetic compounds. M.lcro-orgam in

N partlculararecapable of very effective catabolic activity, andthexrenzymesaregeneraﬂy '

specific to individual compmmds. The problem however in dealing with nutritionally o

worthless compounds present in tissue of larger organisms is dealt with differently. These

animals have evolved systems adapted for the elimination, rather than the utilisation of

these toxic compounds, Effectively these enzymes alter xenobiotic (foreign) and

endobiotic (host denved) compounds by msking. t11 either more readil}' excretzble cr
less pharmecologically active.

All these enzymes have the followmg similarities in common: Thc}' all have a
pr-rerence for hydrophobic compounds, although polar compound are 1ot . entirely
excluded, Each has a very broad substrate range, and they are usnally more concentrated
at points of entry to the body (liver, lung, intestinal mucos_a) or organ {choroid plexus
of the brain). Many appear to be inducible as well, whereby the organism will respond
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to the toxin/drug by prodicing more enzyme (Takoby and Ziegler, 1990).
- The detoxication enzymes have, in turn been divided into three main groups:
" Phase I enzymes, activate chemicals by forming reactive flInCthI]ﬂl groups (e.g.

epoxides) in them. Phase II enzymes deactivate these reactive chemicals by a_ttacllmg a ;

 hydrophillic mojety {e.g. glutathionyl, _glucuronyl, or sulphuryl) to them. Finally the
phase III enzymes mediate the elimination of inactive and water-soluble products (Dirr
et al., 1994). | R
_ The GSTs form part of the phase: 1 detoxication mechamsm, by catalysmg the
S-conjugation between the thlol group of glutathione to mumerons chemically diverse
* componmis mcludmg a]kyl-and arylbalides, lactones, epoxides, quinomes, esters and
 activated alkenes (Mannervik and Daniclson, 1988). The consequénce of this reaction,
is a less reactive and more polar glutathionyl S-conjugate Which in amimals is further
_ catabotized and excreted from the cell (Boyland and Chasseaud, 1969). The release from
the cell also marks the first siage of glutathione (GSH) mrnover. The released _
GSH-conjugate is transported from the blood to the kidney, Where the degradation of the
GSH begins by the removal of the y-glutamyl moiety. This mofety is in txrn transferred
" to an -acceptor amino acid and relocated into the cell where it is involved in the
re._synthesms of GSH. Upon acetylation  with acctylcoenz.yme-A the remaining’
cjrsteinyl—glybiue is hydrolysed by a dipeptidase catalysed reaction, where the cysteﬁe X .
~ conjugate is converted to a mercapturic acid, and excreted (Siegers and- Younes 1983; '
Mannervik, 1985). '
_ In addition to cytosolic GSTs dlsplaymg much catalytic dlversu}r, they are also
able to function as very versatile ligand-binding proteins, known as ligandins (Litwack
) etal, 1971; Listowsky, 1993). In the light of their abundance in cells (up to 10% of the
_ cytosolic protein m sotrie animal cells), as well as their bmdmg propernes, rhey are
thought to mediate in intracellular storage and transport of hormones, metabolites, drugs,
and a great variety of other hydrophobic nou-substrate compounds (for reviews see
eg.Dirr e al., 1994; Wilce and Parker, 1995).
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' 2.1.2. The 26 kDa GST from Schistosoma japonicum

‘Interest in the 26 kDa GST of Schistosoma Japomicum (Sj?.GGS‘I') first came to
hght when mice whlch were relatively resistant to chronic infection by the parasmc '
helminth Schistosoma japonicum responded highly to a 26 kDa antigen from these _adult
worms. This antigen was later identified as being  glutathione S-transferase (Smith et
al., 1986). In order to camy out several lines ‘of investigation, such as affinity
punﬁcatlon of antx'bodies; raising of specific antisera or vaccinating animals, large
amounts of uncontaminated Sj26GST were needed. As a result, a bacterial plasmid (pSjS)
~ which directed the synthesis of the entire 8j26GST molecule i in E.coli was constructed -
(Smith ez al., 1988). Motwated by the fact that Sj26GST can be easily purified by
affinity chromatography, an expression vector which would direct the synthesis of foreign
 polypeptides as fusions with Sj26GST was developed (Smith and Johnson, 1988). These.
fusions could then be purified under ‘non-denaturing  conditions by afﬁmty
* chromatography. Thus was introduced the plasmid expression vector pGEX.

 Tn order to facilitate cleavage of the fusion protein from the Sj26GST affinity tag,
lmkers susceptiblc to cleavage by site-specific protease, i.e. thrombin (pGEX-2T) and
blood coagulation factor (pGEX-3X) were engmecred (Stuith and Johnsun 1988). The '
PGEX range of fosion protem affinity tags has proven so successful that it has been
- identified as one of the four main systems in use inE. coli {La Valli and Me Coy, 1995)

' - Purthermore, Sj26GST with C- tcrmmus fusion proteins has also led to some
interesting structure function sﬁ.tdies, such as the mnmcry of receptor dimerisation (Yan
et al., 1995), and the identification of oligomeric structures of proteins (Nemoto etal.,
1995). An S]ZGGST fusion has also faciltated the crystallisation of a peptide fragment -
(Lim et al., 1994) '

2.1.3 Coistruction of the pGEX Piasmid
By means of a series of manipulations, the pSj5 plasmid was modified to facilitate

the expression of foreign polypeptides with the C-terminus of Sj26GST. The resulting
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plasnitid map is shown in Figure 2.1 and contains firstly, the tzc promoter, essentially a
hybrid of both the tryptophan and lactose promoters (De Boer 2t al., 1983), followed by
the complete coding sequerice of the Sj26GST (Smith ef al., 1986; 1987). The normal
termination codon has been replaced by a polylinker containing unique recognition sites
for the restriction mucleases Bam HI, Sma'l, and Eco RI, followed by TGA translation
termination codons in a1l three reading frames. Secondly the ﬂ-lactamase—oodmg gene for
mferrmg Amplcllhn resistance on the host. Thirdly, an origin of replication or ori site.
Fourthly, a fragment of the lac operon containing the over-expressed lac I allele of the
lac repressor and part of the lac Z gene. Finally, oligodeoxymucleotides encodmg the
cleaveage-recognition sequence qf thrombin was mtroduced (Smith and Johnson, 1988), -

© 2.1.4 Overall Structure of GSTs

 Since the elncidation of the first GST structure (Reinemer et al., 1991), the
co-ordinates of an additional 21 GST structures have been deposited in the Brookhaven
Protein Data Baok (PDB) (Bernstein ef af., 1977). All fully functional GSTs are dimers, -
having molecular masses in the reglon of 50 kDa. Both subunits have an active site along :
the domain interface. The position and architectm‘e of the active sites, which are situated _
in spatially equivalent positions in all GST classes, have been clearly defined in the GST
crystal structures due to their crystallisation in the presence of substrate ligands..
- Between the two active sites in the dimer and extending along the subunit interface is a
- hydraophiliic and solvent accessible firrow with a prominent cavity at the cen&e Each
site can be separated into two distinct functional regions: a hydrophillic G-site for bmdmg
the physmloglcal substrate glutathione (GSH) in the extended form, and an adjacent
* hydrophobic H-site for binding sl:mcturally diverse electrophilic subatrates, Bach subunit
in turn is divided into. two domains, both of the acuve sites occur in. the N-terminus
domain 1 of their respective subuniis. A third Kind of site is created by the dm:lensanon
 This hydrophobic binding site is different to the H-site in that it is much larger, and
capable of binding compounds which are not potential substrates. '
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PAEX?
DGEX2T

HOEXAX

BamHiSmal EcoR| (~524)

" Pro Lys Ser Asp Fic A Gl Phe Yo Val Thr Asp STOP
CCA ARA TGE GAT CCC GG GAA TTC ATC BTG ACT GAG TGATGATCT @

) e
BamHl - Smal  EcoRI

ﬂlwmbln
Pro Lys Ser Asp Leu Y& Pro arg;ﬁly Ser Pro Gly He Hig A Asn sToP

. CCA ARA TCG GAT CTG &Y GCQ CET B0A TCC CCE GEA ATT GAT CGT GAGTGA CTG

. | N
BamHL Smal  EcoRl

factor XH

‘Pro Lys Sar Asp Leu & Gl Gly m*e[y lle Fro G1y Asn Ser aar sToP
CCA AAA TCG GAT CTG ATC GAA GGT CGTGLA ATC OOG GGG AAT 'l‘cﬁ TCA TAA CTG ;

= o .
BamHl  Smeal EcoRl .

¥igure 2.1. Map of the pGEX plasmi&: a range of fusion-protein expression vectors that :
bind a cloned geneas a fusion to S{26GST. The lac repressor (product of the lacl gene)
binds the Pu. Promaoter, repressing the expression of the GST fusion protem. Upon
mduet:on with JPTG, derepressmn occurs and the GST fusion protein is expressed The
gene of interest can be inserted into the polylink.. located at the end of the GST gene.
The polylinker sequences are shown below the map of PGEX 1, where the restriction -
endonuclease sites are bracketed, The polylinker of pGEX-2T and pGEX-SX contain
protease cleaveage sites 50 the cloned protein can be released from the GST moiety. The - _
recognition sequences for r.hrombm and factor Xa are bracketed above the polylinker .
_sequences, with the actual cleaveage site between Arg and Gly (adapted ftom Current '
Protocols in Molecu.'.ar Biology)
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4.1.5 GST Classes

.(3STs have been class1ﬁed together with the mitrosomal enzyme into 6 gene classes,
i.e. alpha, mu, pi, sigma and theta and kappa (Mannervik et al, 1985; Mcyer etal.,- '
1991; Ji et al., 1995; Pemble et al., 1996). The classification is based on both primary
and tertiary sequences. However, considerable discrepancy exists as to the cla'ssiﬁcation ”
of Sj26GST (McTigne et al., 1995; Meyer 1995). Based on the fact that a class mu has
successfully been used as 2 search model for sofving the schistosomal GST structure, and

a 42% sequence identity between the two enzymes, has led to Sj26GST being classified

a5 a class mu (Hughes, 1992; Lim et al., 1994) acd not a sigma  (Meyer, 1995). |

2.1.6 Nomenclatur_e

The nomenclature used in describing various GST classes differs widely. In the case of

the 26-kDa glutathione S-transferase from Schistosoma japonicum abbreviations vary

from 8j26 (Hughes, 1992), to sjGST {McTigue, er a! 1995). In this thesis the protem

is abbreviated as S_]26GST The nomenclam:e regarding other GST classes has been

stanﬂardmed (Mannervik a al., 1992), with eg. *GSTM]1-1 being an acronym for a

glutathione . S—trausferases where the prefix r, indicates the species i.e. rat, M, mdlcates ;
' the gene class mu, and 1-1 md:cates a duner of wo type-l subrnits,

2.2 STRUCTURE OF THE 26 KDA GST FROM Schis;osam Japonicum

Three structures of 8j26GST have been elucidated to date, Table 2.1 givm:iﬁrief _
summary of the Sj26GST s!ructures current[y avallable, together Wlth some

: c:ystal]ogmphm data,
The co-ordinates ot me structures were downloaded via a file transfer protocol
(fip) from the PDY (Bernstein et al., 1977). The procedvre used is summarised in
Appendix A. Of the elucidated GST structures, only the class sigma GST (pdb accession
“codes, 1GSQ and 2GSQ) and §j26GST have a monomer (designated subunit A) in their
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 "Table 2.1. S{26GST crystallographic data

pdb accession ligand " resolution (A) Refactor”  space
cade C ' ) . group
1GNE - plutathione 2.5 0.219 P42.2
1GTA none - 24 0197 Pe22
1GTB . praziquantel 26 0212 P&22

'R factor = 2| |Fau| - |Fus] /2] Fas], Wher Fy, and B, are the observed and
'ca_lculated structure factors mspecﬁvely._ . o
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_crystal asymmetric units. As a result the second monomer (subunit B) had to be
generated in each of these cases, The procedure carried out in generating the dimeric
structures is summarised in Appendix B.

2.2.1 Primary Structure

- Table 2.2 shows the results of a seqilence alignment of representative enzymes
from different GST classes agamst Sj26GST. The sequences were aligned agamst the 218
residnes of Sj26GST as specified in the 1GTA structure, accordmg to the method of
Needleman and ‘Wunsch (1570). _
. The dlscrepancy between the 1GNE (Lim, et aI., 1994) sequence and those of
~ 1GTA and 1GTB (McTigue, ef al., 1995), are dug to the methlonyi residue present at

- position 1 in the latter two stmctutes but absent in that of 1GNE, as well as the attached
fusion to 1GNE. All numhering in' this work is carried out according to that of Lim
(1994)

2.2.2 Secondary Structure

The 217 residues of each Sj26GST subunit fold to form an N-terninal domain
-(dofnain 1) comprising 1 Bofoffe: folding pattern (vesidues 1-77), where the S-sheets
.~ are predominantly aatiparaliel. Connecting domain 1 to domain 2 is a short linker region
(residues 78-84), The C-terminal domain 2 is larger comprising 5 o-helices (residues
85-193), and a long coil (residues 194-217) after the final helix (-8 (Lim et al., 1994;
McTigue et al,, 1995; Reinemer et al., 1996). A comparison of the secondary structural
elements of iepresentative classes of GSTs is shown in Table 2.3 (Reinemer, 1596),

- 2.2.3 Tertiary Structare
The overall fold of Sj26GST resembles that seen in mammakian GSTs. A least

squares superposition of the 117 C posit_‘xons from a-helices and 8-strands onto those of
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Tahl_e 2.2. Sequence alignment of various GST classes to 1GTA

Similarity (%)

~ Root Mean Square{RMS)

 1GSR
(1GSQ

| PDB accession cade GST class
1GTA  8j26GST - 100 0
 1GNE © §j26GST 99 517
1GST . - rGSTM3-3 42 249
iTc0): S  hGSTAlL-1 26 854
pGSTP1-1. - 27 68.4
Squid 23 38.3
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rat mu, pig pi, and buman alpha GSTs, yield respective root tean square (r.m.s.)
deviations of 1.35, 1.35, and 1.75 A (McTigue ¢ al., 1995), The regions of greatest

N structural differences between $j26GST and the mammalian enzymes occilr at residues

32-40, and 199-217, which form part of the hydrophobic binding site discussed below.
- The C-terminus of 8$j26GST (residues 213-217) essentially sit on the surface of
" domain 2. It is also close o the 33-35 100p, a shortened version of the 33-42 loop of mu
GST, that links §-strand 2 and. a—]mhx 2 in domain 1

2.2.3.1 Domain-demain interactions

The interactions between the two domains are made up of a single salt bridge

- which occurs between Lys10 (occurnng between B-strand 1 and crhelix 2) and Aspl59 :

in o-helix 6. The rest of the interactions are made up predommantly by nonpolar
interactions between the residues Trp7, Prol5 and Leul8 from o-helix 1 in domain 1 and '

residucs in c-helix 6 and o-helix 8 of domain 2. The side chain of Glu33 forms a -
hydrogen bond with the ring atom e-N1 of Trp205. ReSIdue 34 {5 an arginine, and its

side chain interacts with the side chain of Asp213 and the carbonyl atom of Gly212
(Flgure 2,2},

2.2.4 Quarteﬁary Structure

The two submits Sj26GST assemble to form a dimer of dimensions 57 A x 47
A x 44 A Tne 240ld rotation axis relating the subunits Within the dimer lies |
approxlmatcly 11 degrees from the helical axis of a-4, so that the symmetry-related -4
_belices cross at an angle of approximately 22 de.greea (Mc'I‘lgue et al., 1995), The dimer :
assemibly creates a long (40 A), narrow (6-10 A) cleft lined pmnanly by polar side
. chains as described in Figures 2.3 and 2.4, |
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2.2.4.1 Dimer interface

The miost prominent hydrophobic contact between the. two monomers s the
penetration of Phe51 between residues 90-93 (c4), and 128-132 (a-5) of the other
subunit. This "lock-and-key" type contact (Jl et al, 1994}, is absent in the sigma and
theta GST classes (F:gu:e 3. :

The following residues face the residues in subunit B of the dimer pajr: Ala89 '
| Met93, Leud4; and Phei32. The sequence mumber and identities of residues that

- participate in this hydrophobic interaction differ slightly in the other GSTs, but the above o

mentioned residues make up the core structure for the hydrophoblc mteractlon betw .
the GST dimner pairs. The regmn along - the dlmel 2-fold axis is a relaﬂvely open
_hydrophﬂlm channel and flankmg this channel on both sides of the d:mer is thJs
'hydrophoblc interface, acting as a stabihsxng force for the GST dlmer 5 o .

The hydrophillic interactions between the dimer pair are more variable than the
hydropbobic interactions. Certain key sequence positions may be distinguished: Gln66,
Arg72, Asp76, Arg88, Ser92, and Aspl00, These residues are located in a-heliceés 3 and
4, and together with the cbrrespbnding c-helices of subunit B, aré positioned neasly -
patallel along the 2-fold axis and form a hydrophillic core, GIn66 parficipates in -
glutathione binding, and interacts with Asp100 of subunit B. Arg72i mteracts with its own
symmetry-related residue in subunit B, and Asp76 interacts with Argg8 in the second
subunit, In class mu GST, the pqlanty is changed so that Arg81 interacts with Gln90 and
Asp97 of subunit B, In class pi GST, Arg77 interacts with Asp88 of subunit B, The
residue Ser92 shows no direct interaction with subunit B in Sj%GST ‘however in the _
. other alpha!mufpi GST classes, this sequence position is occupied by an aspartate, and_
mteracts with a positively charged res:due in subunit B,
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Table 2.3. Secondary stencture comparisor: of (38Ts: adapted froma Reinemer et al., (1996),

Domain = Structure -

Cdrrcspnnding element in GST class

“Theta®?

glement  Sj26GST® Mu® Alpha® Pi® ~ Sigma®
1 ;. pey e LG pLaT) BGED ALeS)
Coa al (14-22) ol (1726) 1 (1726) @i (1523) of (1522) ol (10-21)
82 B2 (2132) B2(2835) - B2(2835) - 2293 £2 (2937 §2(27-30)
3 o B _ - :
30 o (38-43) 02/3,,(43-46, 49-51) o2 (384T) = | 23, (3844) . o2 (3841 o2(41449)
3. SAYy - . : - . ) .
B B3 (56-59) B3 (61-64) - B3 (51-60) B3 (52-55) B3 (52-55) 3 (54-57)
B4 B4 (62-65) B (67-70) - BA(63-66) B4 (58-61). - BA(58-61) B4(60-63)
o2 o3 (67-77) - " 03(72-82) a3 (68-79) a3 (63-74) 3 (6374 o (65-76)
I a4 (85-110) a4 (90-114) o4 (86-111) o4 (81-104) o (81-104) o (86-111)
o™ S ' : : -
o4 o5 (113-136) a5a (119-127) - oS’ (114-129) a5 (109-132) a5 (112-135) o5(14441)
_ o osh (130-141)  oS5™ (132-143) o
5" 6(149-164) of (154-169) o6 (155-160) - b (148-163) ot (151- 166) oﬁ(mm
06 - . - . - " 3 (167-170)
ol o7 (173-184) o7 (177-189) o7 (179-190) o7 (172-182) o (175-186) a’mmw)
R o8 (186-192) @8 (191-197) . oB (192-198) o8 (185-192) o8 (188-196) -

-All crystal structure analysm were calculated accordmg to the method of Kabsch and Sander (1583), and taken from the following GST

structures: (a) Sj26GST (Lim ef al., 1994; McTigue ¢ al.,

1995}, (b) tGSTM3-3 (¥i et al,1992), (c) hGSTA1-1 (Sinning er al., 1993), (d)

- pGSTP1-1 (Reinemex ef al.,1991; Din: etal.,1994), {€) Sqllid (Yietal, 1995}, () Austrafian sheep blowily Lucila cuprina (Wilce ef al., 1995).

. an



Figure 2.2. The overall tertiary structure of Sj26GST: domain 1 is indicated in green and

domain 2 is in blue,
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Figure 2.3. Dimeriz structure of $j26GST and squid GST: the view is down the two-fold
axis with the two subunits indicated in green and blue. The most prominent hydrophobic
interaction between the two subunits in 8j26GST, that of Phe51 (space filled) lock-and-
key contact in Figure 2.3 A, is contrasted with the flatter subupit interaction of the class
sigma GST in Figure 2.3B. The red molecule is that of the antischistosomal drug PZQ
bound to the non-subsirate ligand-binding site.
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Praziquantel

Figure 2.4, The structure of Praziquantel (A) and its intetaction with 8j26GST (B). The
view of the protein is perpendicular to the two-fold axis with the subunits indicated in
blue and green and PZQ in red.
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2.3 SUBSTRATE BINDING SITES

2.3.1 G-Site

In all GSTs, only an extended form of GSH is bound to domain 1 (Lim f al.,
'1994). Four types of interactions with GSH occur in the binding site: (1) Stabilisation
 and orientation of the y-glutamate of GSH, (2) alignment of the glutathione peptide
- backbone, (3) stabilisation of the terminal carboxylate of glycine, and (4) interaction with
sulfhydryl of cysteine for enzymatic activation, . : y
" By cocrystallisation of Sj26GST with GSH (Lim ef a., 1994), the position of the
G-sites can be secn in Figure 2.5. A comparison of those residues involved in binding '
 GSH im classes alphs, mu, pi, snd S{26GST are summerised in Tabie 2.4 (Reincmer, of
al., 1996). - |
Slte—dlxected mutagenesis stodies have revealed the importance of speclﬁc res:dues _
in the GSH binding site. In class pi, substitation of Arg13, GIn62, and Asp06, resulted
in a 20-50 fold decrease of both the catalysis and GSH binding, when compared to the
wild type (Man_oharan, et al., 1992), Substitution of Tyx7 to phentylalanine in ciass pi, _
_ resulted in only a27% GSH bindjng ability when compared to that of the wild type. The
' mzymatlc catalysis though, was reduced to less that 1%. This substantial reduction in
 catalytic activity has also been shown in the case of class mu (Liv, et al, 1992).
Remarkably though, in the case of class theta (Wilce ef al., 1995, and Reinemer ¢ al.,
1996) the equivalent tyrosine is absent and appears to have its role fulfilled by that of a .

© serine.

232 HSite

GSH binds to thie domain 1 side, and there is more space in the domain 2 side for

* additional binding by an electrophilic substrate. This region has been termed the H-site,
sirice the residues in the region are generally hydrophobic. Nb"SjZGGST structure has
“been efucidated in the prescnce _of any H-site ligands. Howéver'when compared to class
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mu GST which has (Ji et al., 1993,1994), the equivalent residues in Sj26GST are: 11.&9,. '
Leu12, Ser106, Tw-110, GIn203, and Gly204 as indicated in Figure 2.5.

2.4 CATALYTIC FUNCTION

" The kinetic mechanism for the GST catalysed addition of the electrophile to the
- nuclecpnilic species in the active site (the thiolate anion of GSH), occurs sequentially in
" the ternary complex of the enzyme, GSH, and electrophile (Armstrong, 1991; see also
* Cameron et al., 1995 for structure of a fernary complex with a class alpha GST ).

- A schematic diagram of the seqnentml kinetic mechanmm for GST can be
tepresented as follows (Armstrong, 1991): ' : ' ' '

R-X '
"E+ G’SH & EoGS + H* ¢ E'GS"'R-X o E'GSR'X «E + GSR + X‘

| Where E is the GST, GSH is the physiological subsirate glmathlone and RX is the
hydrophobic substrate, '
' The G-sites of the alpha, mu, Sj26GST, and p1 GST classes ail have a conserved
tyrosine residue pmsent (Tyr6 in the case of Sj26GST). A hydrogen bond is present
between the thiol group of GSH and the hydroxyl group of Tyr6. Replacenment of Tyr’? |

in class pi GST with phenylalanmeby site-directed mutagenesis, reduces enzyme ac_tmty _ '

to less than 1% of the wild type, although Yittle change is observes - ' affinity of the
enzyne for GSH (Lim ef al,, 1994). pKa values € the bound Gon .« class pi GST is
also lowered in the wild type (pKa = 6.3), Phe7 mutant (pKa = 8.7). The latter value
‘being very similar to GSH in solution (pKa = 9) (Kong ef al., 1992). Other studies have
confirmed the lowering of the pKa values of GSH by mintating equivalent tyrosine residue -
in class m. (Liv, ef al., 1992), and class slpba (Wang et al., 1992). Thereby implying
that Tyx7, or its oquivalent in other classes, is essential for enhancing the nucleophilicity
of the thiol group of GSH. In this instance it appears to act as a hydtogen bomsi doﬁor, :
‘which promotes the formation of the thiolate by decreasing the pKa of GSH in the
enzyme complex, and in so doing stabilises the thiolate species (Kolm et al, , 1992; Liu

59




Figure 2.5. Glutathione and hydrophobic substrate binding sites: locking down the two-
fold axis (A) and perpendicular to it (B). GSH is shown in “white. Interactiors with GSH
are from residues of the same subunit, except for Aspl00 which is contributed by the
second subunit (space filled* The residues which comprise the H-site are in red.
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~Table Z:4. Inte,tactlons of the varivis GST c]asses with GSE: adapted from Reinemer f al., {1956).

- Gly

_ Glatathione S-fransferase from class :
Giutathione moities ‘§j26GST™ Mu® . Alpha® . Pi® ' Sigma-‘-” ~ Theta®
y-Glu NH,* ~ Glo66 Gin71 Glnés - Gln6z - GInd2 ‘Glugd
' Aspl00# Aspl05*  Aspl00* Asp96* - Asp96* _
Coor GIn66 Ser72 Thré7  Argl3 © Gln62 Ser65
Ser67 ' : Ser63 . Ser63 Arg66
C=0 - - S - ' Glnd9 L - s
Cys . NH _Leu54 Len59 - Val55 Lea50 - Met50 Tle52
C=0" - Trp7 | Tp7 Val55 Len50 Met50 He52
NH . AsnS3 Asn58 - - - -
Coor Lysdd - Argd2 Argdd Trp38 Trp38 . His38 -
Trpd5 Argl30* - Lysd2 © Lysd2 His50

Lys49  Gln49  Asndg

* Interaction contributed by a residue of the second subunit

(a) Sj26GST (Lim et al., 1994; McTigue ez al., . 1995)

(b) tGSTM3-3 (i er al.,1992; Raghunathan et al., 1994 )

{c) hGSTAl-1 (Sinning ef al., 1993}

(d) pGSTP1-1 (Reinemer et al. .1991; 1992; Dirr et aI 1994‘ Garcia-Stez ef 21, 1994)

{e) squid (Ji ef al., 1995)

6] Ausl:mllan sheep blowﬂy Lucila cupm:a (Wl]ce et al., 1995)



etal, 1992)
Another role of the Tyr7 residue, or its equlvalents which has been proposed, ls '

that the tyrosme may function as a base, and therefore proton coner. Based on chemical
modification stdies with diethylpyrocarbonate (Meyer ef al., 1993), and electrostatic
‘potentials calculated for the active site (Karshikoff et al.,1993), it has been suggested that
Tyr7 in the active site is deprotonated, thereby promoting prof.on removal from GSH, and
- creatmg a reactive thiolate anion. _ SR N
o Theremarkableﬁndmg thatTyﬂ or its equ:valents are notpresentmthe G-sites
* of either class sigma or alpha classes (Ji e al., 1995; Wilce &t al., 1995; Reinemer et
al., 1996) has resulted in a serine residue bemg proposed: to take over the role of the -
Tyr7. While it has been suggested that the deprotonation of GSH by GST is due to the
_presence of histidine residues mvalved in base. catalysm (Wallfcr et al., 1995), no
Listidine residnes have been found to be present in any of the mammalian class {3-sitey.
 The theta GSTs from both Arabidopsis thaliana (Reinemer et al., 1996) »ud Lucila
' cupnna (Wnlce et al., 1995) do however L. e histidine residues present in thelr G-smr,,
although no cat. ;ytic role has been atfnbuted to them. See Table 2.4, '

2.5 LIGAND BINDING SITE (L-SITE)

While the ligandin function (Litwack ef l., 1971; Listowsky, 1993) of GSTs was
' well known, and it had been suggested that the possible site of non-substrate tigand
binding was at the interface of the two subunits, it was not until the crystalhsatmn of -
.SJZGGST in the presence of the antichistosomal dmg Praz:quanlel (FZQ)
2.-(cyclohexylcarboqyl)~1 2,3 6,1"-111:-he1|ca113,rclro-4pl:I-I:»yrsawmuo[2,1a]1saqluy.uolm—4~|:u:1£'.“L
(McTigue, et al., 1995}, or Biltricide as the drug is commercially known, {Goodman et )
" al., 1993), that the site was confirmed. The structure of PZQ is shown in Figure 2.4A

* and its binding to Sj26GST in Flgure 2.4B. thsequently another GST structure with an |
L-site hgand has also been solved (Vi et al., 1996).
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2.5.1 Praziquantel Binding Site in 5j26GST

The structure of the PZQ bound Sj26GST indicates the binding of one molecule
of the drug per enzyme dimer, in the dimer interface groove, adjoining the two cat__alytié |
 sites (Figure 2.4B). Therefore, PZQ may occupy either, but not both, of the two
 overlapping symmetry-related binding sites. PZQ makes contact with Gln66, Gly96,
Len99, Aspl00, Tyrl03 and Argl07 side chains from o-4 from one subunit, and also
Tyr103 from subunit B, Interestingly, Tyrl103, or the equivalent remduc is missing in the
case of the mammalian GSTs, where the equivalent positions are occupied by Cys99% in
hurhan alpha, Glul03 in pig pi, and Met108 in rat mm GSTs.

© 2.5.1.2 Praziquantel mode of action

Tt has been suggested (Sith e al., 1986), that the binding of highly insoluble
molecules such as haem and bilirubin by GST would increase their solubility, The

suggested mode of action is that, haematem. the rednced form of the haem prosthetlc '

~ group, produced during the metabolism of haemoglobin from the host erythrocyte,
accumlates as an insoluble pigment in the luien of the parasitic gut, It is then excréted
by the parasite and lodges ix the liver of the host, Sj26GST has been suggested fo bind
to the haematein and prevent the formation of large hacmatein cx’yst:a_ls.. which might
block the evacuation of the parasitic gut. Thus PZQ, is thought to inferfere with haem
" binding, by blocking the binding site (McTigue, ef al., 1995), o
Otbers (Harder, et al., 1987) have suggested that PZ() interacts with tegumental

phospholipids, by cavsing spastic paralysis of the parasite musculature, leading to Joss
of attachmem to the host, and rapid damage of the syncytical tegument Itis thought ﬂ]at
PZQ enhances the cell membrane’s Ca®* permeablhty, by membrane perturbation, The
resulting influx of C2* causes spashc paralysis of the parasite. When the PZQ—mduﬁed .
damage of the parasite’s tegument is sufficiently severe, the resulting Ca’“‘ influx wilt
disrupt various regulation processes tnggered by Ca‘* and tlns then leads to the death of
.the parasite..
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In rats up to 74% of the drug (20 mg/kg) is metabolised within 5 minutes after
administration, The remaining 26% is reported to rapidly disappear, with 70-90% of the
" drug having been cleared from the body within 32 hours. _
GSTs are almost.certajnly fnvolved in the elimination of the PZQ from the

~ system. Whether in fact the organism dies due to accumulation of haematein crystals or
o the altered permeability of the cell’s Ca?* transport mechani.sm,_ or an accummulation of
 the two effects, is unknown at this stage. | -

2.6 EVOLUTIONARY PERSPECTIVE

* Evolutionary changes in proteins, which stem from random mutational events,
 ofien alter a protein’s primary siructure, A mutational change in a protein, if it is to be
' propagated, must somehow increase, or at least not decrease, the probability that the host
will survive to reproduce. Mauy_muiation_s are deleterious and often lethal in their effects
and therefore rapidly die out. A comparison of the genes, the primary sequences and .
.overall three-dimensional structures of related proteins may therefore shed light on the
evolutionary development of the organism and provide insights into those residues which
by virtue of their conservation are important for folding, stability or fanction of the
 orotin, | i . |
A comparison of the cDNA and gene sequences of the class alpha, mu, pi and _

 theta GSTs from both pro- and eukaryotes have led to the suggestion that the alpha/mu/pi

precursor gene arose through the duplication of the theta gene (Pemble and Taylor, 1992;
* Armstrong, 1997). The theta gene is thought to stem from the kappa GST class (Pemble
et al., 1996), and duplication of this gene would have afforded the protein the advantage
of maintaining its original fnction while the duplicated copy evolved a new furction,
Not only are the topologies of all GST classes similar, but the elucidation of the
first GST structure (Reinemer, et al;, 1991) showed that the topology of domain 1 of
GST resembled that of thioredoxin from E. coli (Holmgren et al., 1975; Reinemer et al.,
1991). Two struceural features which have led to the clear evolutionary distinctions
between varions GST classss is the presence or absence of either the catalytic tyrosine
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Kappa -

\i.' ' ' :

_ Theta (Ser + F}
(ser*—bTyr) _
'R '

 Mu .4_-——4|pha/m/m '
SI2695T)  (rye + L)

¥
Apha/Pi

/N

Pi Alpha

Figure 2. 6. Possible evolutionary 'schéme of the cytosolic GSTs. The precﬁrsbr class
theta ¢ enzymes have a serine mthe active s;te together with a flat (F) subunit interface,
In the class alpha/mu/pi enzymes the serine has been replaced by a tyrosine and the

subunit interface is of the 1ock-and-kcy (L&K) type The box represents the suggested '
sigma/alpha/mu/pi precursor (adapted from Armstrong, 1997).
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or the "lock-and-key" interaction of phenylalanine from one subunit with nompolar
residues of the ofer subunit (Armstong, 1997). In both the theta and sigma classes the
"jock-and-key" interaction, present i the alpha, mu and pi classes, is absent, Unlike the
thets class which has a catalytic serine, the sigma/alpha/mu/pi classes all have a tyrosine
*residue in its place. Based on the assuraption that the theta gene is the ancestral precursor
to the all classes oth_.er than kappa, the switch from the serine residue to that of tyrosina
would have preceded the evolution of the change at the dimer interface. This would have
yielded a sigraa/alpha/mu/pi precussor which with the development of the "lock-and-key®
~ interaction gavé rise to the aIphalmulﬁi classes (Armstrong, 1997). The highly conserved
3 ’-noncoding sequences of the o and theta genes' also suggest that the e gene diverged
" from the theta precursor before the pi or alpha gene (Armstrong, 1997) and a possible
 evolutionary scheme of the different GST classes is described in Figure 2.6.

2.7 OBIECTIVES

Tn light of the physiological impottance of S26GST as a detoxication protein and
vaccine and drug target, and its wide application in biotcchnologjr this work attempicd
* to initially understand the protein’s propensity to aggregare when punﬁ:d in the absence. .
of a reducing agent. In addition, it sought a clearer undersmndmg of the chfOtmatlonal
~ dynamics and subumt foldmg and assembly of SJZGGST in both the presence and absence
of PZQ.
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' CHAPTER 3 EXPERIMENTAL PROCEDURES

3.1 MATERIALS

E. coli JM109 ells were obtained from Promega, and the pGEX-2T plasmid was =

 from Pharmacia, The affinity column used was an S-hexyl GSH aftinity matrix, in which
the S-hexyl GSH ligand was prepared according to the method of Vmee et al, (1‘471) and
~ ligated to epoxy activated Sepharose 6B from Sigma.
GSH, BSA (Fraction V), and Dithiothreitol (DT’I‘) were from Boehrmger '
. Mannheim. The CDNB was obtained from Sigma and sodium dodecylsulfate (SDS)
calibration markers with a molecular mass range between 14.3 and I’TO kDa were from
_'Beehrmger Mannheim Combitek. : _ -
 The urea used in the gradlent gels was fmn Riedel DeHaen. all other urea was |
' Aristar Ultra Pure from BDH. Qther chemicals were of an analytical grade quality.

3.2 METHODS
3.3 EXPRESSION AND PURIFICATION OF Sj26GST
331 Trausformatioﬁ of E.coli YM109 Cells

- E. coli IM109 cells were transformed with the pGEX-2T plaSIﬁid usmg the
' one-step preparation method of Chung ef al. (1989). An overnight culture was diluted
100x with Luria Bertam {LB) medium, untﬂ an Agy =~ 0.3, One volume of ice cold 2x

mnsfunnatlonand Storeage Solution (TSS) (10% wiv polyethylene glycol 4000 5% viv
DMSO, 50 mM MgCl, in LB, pH6.5) was added and the suspension mixed on ice.. 100
il of the compstent cells were mixed with 1-5 1 of plasmid (100 ng) in an ice cold
Eppendorf tube. The solution was incubated at 4°C for 30 minutes, to which 0.9 ml of

LB medium with 20 mM glticose was added, The c_ens were then incubated for 60 min -
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' at 37°C with mild shaking, by placing them in an Erlenmeyer flask in an incubator. The
cells were then immediately _sated on a solid medium (10 g tryptone, 5 g yeast extract,
5 g NaCl, 15 g agar and 1 ml 1 M NaOH, mude upto 1 liter), containing 100 pg/ml
Ampicillin,

3.3.2 Growth and Induction of JM169 Cells Transformed with pGEX_:-Z_T Plasmid

' An overnight culture of E.coli IM109 cells were diluted 10 into a fresh LB
miedium containing 50 pgffnl Ampicillin. The ceils were grown at 37°C to a mid-log
phase where the Age ~ 0.6-1.0. The ceils were induced by adding
Lsopropylthiogalactoside (IPTG) to a final concentration of 1mM. The cells were then
grown for 4 hours at 37°C, All incubations at 37°C were aopompanied by shaking at 180

3.3.3 Preparation of Cell Extracts

The cells wer pelleted by centrifoging for 10 minutes at 5000 x g. The
supernatant ‘was poured off, and the pellets resuspended in a minimal volume of
Phosphate Buffered Saline (PBS) (150 mM NaCl, 16 mM NaH;PO,, 4 mM Na,HFO,,
- 2mM DTT, pH 7.3) + 1% Triton X-100 . Volumes of % 0.5 m! of the resuspended
cells were added to Eppendorf tubes and placed on ice. The cells in the individual tubes
wete then lysed by sonicating' the individual tubes using a Heat Systems (Ultrasonics
Inc.) sonicator, with the folowing settings: output conirol was on theiﬁicro‘tip, and 50% |
duty cycle was selected. Each tube’s contents was then sonicated for 30 seconds using
the pulse mode. The colour of thc.-'su_s_pended cells appeared to change from cream fo 2
light beige after successful sonication. The crude extract was then centrifuged in a
microfuge at 10 000 x g for 5 minutes, at 4°C. The supemal_am' was drawn off and -

purified by affinity i:h_mmatog"réphy ona regenérated S-hexy! GSH affinity column. |
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3.3.4 Application and Desorption of the Bound Protein to and from the Affiuity
Column '

The cytoselic exiract, containing the-overexpressed protein did t 5t nsually exceed
10 mI from 2 900 mi cell culture, and was applied directly to the head of the affinity
column at 30 rnUh The column was washed with the running buffer (20 mM Tris, 100 _
mM NaCl, 1 mM EDTA, 0.02% sodium azide, 2 mM DTT, pH'!S)untﬂtheeluent
had an Ayg <0 05. The protein was then desorbed fromthecolumnusmgs mMS—hexyl_

GSH as oompetmg figand. The hgand was first solubilised in'a minimal volume of 1 M .
NaOH before being dilated to volume with rum:lmg buffer. 3 mi ftactmns nf elnent were -

collec:ed_ and their absorbances checked at 280 mm after having blanked the
spectrophotometer on §-hexyl GSH., The fractions containing the protein were peoled and -
‘buffer exchanged (20 mM sodium phosphate, 2mi DTT, pH6.5) on & Sephadex G-25
columa in order fo remove the S-hexyl GSH. The eluted protein was identified
-*pectmphotomeh'xcally as before, The fractions were pooled and the protem concentrated
usmg an Amicon ulitrafiltration cell with a PMIO membmue.

"3.3.5 Regeneratiun of th_e S-Hexyl_ Glutaihione Afﬂnitjr_ Columr_l

The column contammg 30 ml of S-hexyl GSH afﬂmty resin was re-generated by
washing with 300 m! of sodium acetate buffer, pI-I 4. The column was then ethbraﬁed
with the running buffer. In all cases the column was assumed to have been equilibrated -
~ once the pH of the eluent was equal to that of the applied buffer.

336 Protéili-'Determination

All protem ¢uncentrations were determined according to Bradford, (19!6) and
modified using the _microassay techmque as per mstructwns of BioRad.

" 3-;3.7 Homogeneity of the Protein
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The purity of the protein was confirmed via sodium  dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) accordmg to the mcthod of
Laemmli (1970) as modified by Robyt and White (1990) The protein was run through
-2 4% stacking, and 15% running gel for about 3 hours at 180V. The gels were stained
for about 1 hour (0.25% Coomassie brilliant blue R 250 in 45% methanof and 16 %
acetic acid) and destained in 7% methanol and acetic acid (7%).

3.4 ENZYME ACTIVITY ASSAYS

The catalytic activity of Sj26GST was determined according to the method. of
Habig and Jakoby (1981). The enzyme (+ 0.024M) was added to the reaction mixture
contatniag 1 M CDNB and 1 mM reduced GSH in0.1 M soditm phosphate bufer, pHl
6.5, containing 1 M EDTA aud 0.02% NelN;. The formation of §-2,4-dinitrophenyl
glutathione (¢ = 9600 M co’) was monitored spectrophotometrically with a Hewlett
Packard Vectra CS model 8452A. dlode atxay ﬁpecrophntometer at a wavelength of 340
nm, over a permd of 60 seconds,
Assays to determine the effects of denatu.tants and PZQ were momtored over 120..
seconds by first incubating the protein until equilibrivm (a:ther at a specific urea
" concentration or'in 100 pM BZQ). or for_ 10 minutes (at a specific temperature) and tr_u_en
following the above mentioned procedure, The PZQ had been solubilise_ﬁ in a minimal.
volume dimethylsufoxide (DMSO) and the incubated protein added to the standard
reaction mixture which contained 100 pM PZQ. No rca_,cthra_t_’.on- of the enzyme was
detected, All measurements were at rooni temperature and the linear PrOgress curves '
‘were corrected for the corresponding non-enzymatic controls.

3.5 REACTION WITH ELLMAN'S REAGENT
DTNB (5,5-Dithiobis(2-nitrobenzoic acid), is a sufhydryl reagent able to react

- with aliphatic thiols by an exchange reaction to form a mixed disulphide, and 2 molecule
of the ye]low aromanr. thiol, 2-nitro-5-thicbenzoate (NTB) per sulmydryl gmap (Bu:o, '
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1994; Creighton, 1993; Habeeb, 1972). Just prior to experimentation Sj26GST was
buffer exchanged on a PM-10 column {(Pharmacia} (0.1 M Tris, lmM EDTA, FH 7.5)
in order to remove any DTT. The number of free suifhydryl groups in Sj26GST were

- determiried at room temperature by tiirating a solution of 5 pM Sj2Z6GST ( in tﬁe absence

or presence of 8M uréa) with DTNB to a final concentration of 250 ,uM. The release of
NTE was monitored at 412 am {¢ = 13600 M“cm h,

3.6 FLUORESCENCE

The absorption of light at certain wavelengths may invoive the excitation of a

- molecule from hs growad state to that of a higher encrgy level. In most cases this

excitation energy is lost as heat to the surroundings as the molecule relaxes t its ground
state. T some cases howevcr reradiation may oceur. This process is called fluorescence

. see €.8. (Lakowmz, 1983 Cambell and Dwek, 1984)

Fluorescence therefore, involves two processes: abSOrption'and the subsequent

. emission. Each procees occurs i the time scale given by the inverse of the transition

frequency (10 15 seconds) ‘There is however a time lag of about 107 seconds when the

molecule exists in the excited state. The lifetime of the molecule in the excited state .
depends on the competition between the radiative emission and any radiationless process,

€. g. the trans®r of excitation energy to the surrounding medium. These non '_radiativ_'e

‘processes provide an alternative mechanism for the excited molecules to relax back to the

ground state, and their preseace will result in a rednction or quenching of the
fluorescence intensity. ' '

Fluorescence occurs at a lower frequency than that of the mcxdent llght Stnce the

“detection frequency is different from the incideut frequency, sensitivity is high because

of absence of any background noise from the excitation source, Pluorescence may even

 be measured in concentrations as low as 10 M, about two orders of magnitude Jower

than absorpnon Fluorescence is therefore very nseful asa strucmral probe in monitoring

_binding, or conformational changes. Furthermore, there are many reactions which take

place on the time scale of the excited state. The resulmlg sensitivity of fluorescence to
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this time scale and to the envlronment is the basis of many of the apphcatmns to

bmchemwtry
" The principle of fluorescence may then be thought of in the followmg physical

terms: generally -at room temperature a molecule would be in ifts ground stite and its -
- Lwest vibrational level. Absorption of the appropriate energy results in excitation into
the upper vibrational levels of the singlet excited state. The spectrsl transitions between -

the -vibrational levels of different electronic st!:tes is governed by the Franck Caodon

.prmclple i.e. that an electronic transition occurs 50 rapidly that during the transmons the
" nuclei are static. Dxfferent vibration levels in the excited state will recewe the hransmon
' depeudmg on the relative positions of the ground- and -exeited-siate UIVES. T solutmns

once molecules have reached the Franck-Condon excxtcﬁ state, several events can occur '

~ as the molecules relax back to their equilibrium pnpulanons usually ¢ that of lowest
vibrational energy level in the ground electronic state. The first event mvolves the

- molecules in vibrational levels above the lowest one in the excited smie losing their

excess energy as heat. They then retum to tueir lowest level and therefore establish a

Boltzmann population distribution in the excited state. The process takes about 1012

seconds to occur From this excited state, spontaneous emssmn CAN QCenr, aud the
emitted light is fluorescence.

The depenﬂence of the ﬂuorescence mtensxty on the wavelenigth of the excltmg
light is referred to as the exc:tanon spectrum, Conversely, the emission spectrum -

describes the variation of the ﬂuorescence intensity with the wavelength of the emitted
hght The position of the maximum in the emission Bpecn'um is sensitive to the polanty
of the environment and mobility of the ﬂuorophnrc

3.6.1 Fluorescence Measurements

'All fluorescence measurements were made at rﬁot_n temperature using a Hitachi

model 850 fluorescence specttophbtomzter The excitation band was set to 5 am and the

emission band w1dt11 to 10 nm. Samples were excited at 205 nm for measoring
' tryptophan ﬂuoresoence
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3.6.2 Binding Affinity Calculations

In order to determine the affinity of $j26GST for PZQ, the binding affinity of the
protein for the ligand was determined. Binding affinities are usually measured in terms
of the association constant K,. The value of K, has upits expressed as 1/concentration
therefore, it is conceptually easier to consider the dissociation constant K, which is the
" reciprocal of K, and has units in concentration. Concentrations of free ligand below the
K, value result in little bindin;, to the protein, and when the K, equals that of the free
ligand half of the protein molecules ate bound to a ligand. Tn order to achieve am
ovcupancy of 90% bound Iigau_d.woilld require a nine times greater concentration of free
Kgand, with 99% occupancy requiring 99 times the X, (Creighton, 1993). The need for
using very high occupancy levels of ligand is two-fold; firstly, it is necessary that the
| majority of protein molécules under investigation are of a uniform composition (i.e.
bound ar ligand free), secondly, the uptake of ligand by the ‘proteit should xot
 significant’y alter the concentration of the free ligand and thus disturb the equlhbnum

between the protein and ligand. ' '
The affinity of 8j26GST for PZQ was determined by measuring the quenchlng of
the intrinsic tryptophan fluorescence of the protem The excitation wavelength was set
at 295 nm, and the emission wavelength at 335 nm, A solution of 1 Nl SJZGGST in
sodium phosphate buffer, pH 6.5 was titrated with PZQ to a final concentration of 50
#M of the ligand, Controls were similarly prepared i in the absence of enzyme The final -
dilution fector did not exceed 10% of the initial volume,
During the tittation of the protein with PZQ the ﬂuorescence mtenszty was
_ decreased. If the increasing concentrations of PZQ sbsorbed the excitation beam then this
~ wouid alter the concentration dependence ¢ ; T the ﬂuorescence. a phenomenon referred to
as the primary absorption effect (Birdsa! et al., 1983). A consequence of the primary
absorption effect would be the derivation of incorrect dissociation constants. As a reéult '
corrections to the fluorescence measurements were made accordmg to Bnrdsan et al.
(1983) as follows: _ .
- Corrections for protein conirols; F, = Fd,, P : @)
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- Corrections for dilutions: F, = F, x V{dV, " | R 3.2)
Cor_rection for the primary absorption effect: F,, = F, x 104 + ez (3.3) '
where F, and F, represent fluorescence valties after corrections to equations 3.1 and 3.2
respe‘cﬁvely. F,. is the actual fluorescence, Fyy is the observed flnorescence, and Fo
is the fluorescence of the control, Vrand V, are the final and initia} vo‘lumes fespectively, '
“and A, and A, are the absorbatice readmgs at the respective excitation and emls&on_ _
'wavelengths The correction for the pnma:y absorpt:on effect can only be used for
 sufficiently low absorbances of the Iig-and at the cxc1tatxon and emission wavdengths (A
< 0.2},
B The dissociation constant was tllen detenmned via the generatxon of a double '
rec:procal plot similar to that used in a Lmeweaver—Burk graph: o
VAF = K/ [AF,. (L)]+1!A1=m | - @
 where AF i the difference in fluorescence intensity betweea the ligand-bonnd protemand' R
~ that in the nncomplexed form. AFy,, represents the maximum hgand—mduoed change in
ﬂunrescence of the protem, and K is the dissociation constant, .
By plotting 1/AF against II(L) the K, is defermined directly via extrapalatmn to
zero 1/AF, where the intercept on the 1/(L) axis is equal to -1/K,.

_ “The. concentranon of the PZQ bound to tke SjlﬁGST was then’ calculated
accordmg to Lee (1982): . R :
= {(K -+ 1P, + L) - [K; + uP; + L2 - apL 12 s
where L, is the bound ligand, L, is the total ligand, P, is the total concentration of -
protein, and » is the number of sites on the enzyme to which .the' ligand binds, One PZ)
molecule is bound per dimer of Sj26GST (McTigue e al. , 1995). The occupancy of the

protein by the Iigaud is then calculated hy plotting Ly/uP, versus ligand concent:aticﬁ.

3.7 UNFOLD]NGIREFGLDWG AND CONFORMATIONAL STABILITY
CALCULATIDNS '

' Al unfolding/refolaing experiments were performed at room temperature in 20
mM sodium phosphate buffer, pH 6.5, containing 0.1 M NaCl, 1 mM EDTA, 2mM

74




DTT, 0.02% NaN;,, Final concentrations of dimeric Sj26GST ranged from 0.2 to 20 pM.
Prior to commencing the experiment, S}26GST was confirmed to be dimeric -and
unaggregated by size exclusion high performance liquid chromatography (SEC—HPLC) _

Due to the propensity of urea to form cyanates and ammonium fons over time (Hagel et -

al., 1971), stock solutions of rea were prepared fresh accordmg to Pace et al. (1989), S

" and the pH adjusted (pH = 6.5) using a minimal volume of concentrated NaOH. In the.
. unfolding expériments, the protein was added to well-vortexed solutions of buffer with
urea (0-8 M), to final volumes of 1 ml. The solutions were incubated for 1 hour, which
~ was well past she previously determined equilibrium time of 10 minutes. Finorescence
mtensmes were measured by specifically excltmg the tryptophan res1dues at 295 nm and

measuring the emission wavelengths at both 335 and 355 nm. In the refoldmg smdxes, .

. unfolded protein (20 pM in 6 M urea) was dilated 10-fold with buffer and no vrea..
Both tryptophan ﬂuorescence SpeCtroscopy and enzyme actmty were used to

monitor the unfolding of the protein, o : o
The absence of any intermediates in the unfoldmg pathways of many proteins, as -~

shown in Figure 3.1, facﬂimtes the assumpnon of a two-state unfolding mechemsm' .

. FeU

where only tlie folded state F and the unfolded state U ate assumed to exist in s1gmﬁcant
concentranons in the transition region, and f; + f; = 1, where fi and f,, represent the_
fraction of protein present i the folded and unfolded conformatmns respeeuvely :
'Iherefore, the observed value of Yo (€.8. enzyme actmty, tryptophan ﬂuoreecence) at
any point Will be yu, = yef + yulu - o : - (3.6
where yp and y; represent the values characteristic of the folded or unfolded states-'
respectively. Both ¥r and yy are respectively caleulated from the pre- and post-transmon |
according to the follomg strmght ling equations: _ _ .

o p=mxtc - o 6D

and J?u#'mx+c' - ' g ' L | (3.8)
. Combining these equations yields: . | : o
o = O - Yaud O - 20) B : ' (B39

- where fy; is the fraction of unfolded protein, aed Yoo is the observed -signal, Je.
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fluorescence inteﬁsity raﬁo F355/F335, or the percentage reeidﬁal enzyme activity.
~ The equﬂlbnum constant of denaturation K, was calculated for a dnnenc prctem
accordlng to the method of Bowie a.nd Sauer (1989) as follows:

CKo=2BAYQ-RN e
Ptls the protein concentration : _ -
| and AGy= RTIK, = KT [0p - yadlGe-30l  GI2)

here R is the gas constant (1,987 cal K‘mol‘) and T is the tea:perature in deg:ees
- Kelvin. “The equilibrium unfolding curve was then 1teratwely fitted via a least-squares .
algonr.hm (Sigma Plot version 5.0, Jaudel Sc:elmﬁc) to the fol'owing aquatmn'
_f(x)—a![1+e*"°"‘”]+d _ : (3.13)
where a js the range of the meanfu, b is the slope coefficlent ¢ is the urea concentration-
at maximum rate of change, d is the minimum f, e is the exponenhal ﬂmctlon and Xxis
_'the denatrant concentration. .
By assummg a linear dependence of Gibbs free energy of unfolding (Schellman

| 1978) the fitted values were used to compute the free energy of unfolding as follows:
CAGp = AGH -m [deuamrant] o L (314
where AGD“20 represents the difference in Gibbs five energy between the unfolded and
folded protein in the absence of denamrant, and #z the slope of the line is the ehange in
_ accesmble area of the protem upon unfoidmg

3.8 UREA GRADIENT GEL ELECTROPHORESIS (UGGE)

In UGGE 3 uniform sample of eitlier native or denatured protein is
electrophoresed through a slab polyaerylﬁmidc gel, which is cast with a linear urea
gradient, oriented perpendicular to the direction of electrophoresis. Due to the
electrophoretic immobility of urea, different parts of the appled prqteih band _will
raigrate in differént éoncentrations of urea, thus alﬁering the rate of interconversion
 between the native and denatured states. The sieving etfect of the gel causes the unfolded
protem conformations «0 migrate more siowly than do the more compact folded

76




8OO+ E - : - ) -

o

600

i

400

soaf

i LA ]
200% Y R T L H = 1@{Uraa)

"100[_ . ] ) - .
- L [] i 'l 1 .
SR 4 ] ) T8

Lﬁaa )

¥igure 3.1. Solvent-induced unfolding transitions: where o is the specific optical rotation -
at 295 nm. The equations for yp and yy give the value of @ for the folded and unfolded
" stares respectively, where urea is the molar urea conceatration (Pace ef al., 1992),
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conformations This technique therefore provndes a continuous two-dxmenmonal pattern

of the effect of urea on the shape of the protein, and is egpecially sensitive to
microheterogeneity of the protein, The validity of this method has been confirmed for

_ proteins known to unfold/refold in a two-state manner (Privalov, 1974 Ctelghton, 19’?8) .

as well as for tion two-state unfol&ngfrefoldmg mechamsms ((ke1ghton, 1986 Yu et aI

- 1995},

Solurfons .an'd recipes _faf urea gradient gels:

- The following sohmuns with volumes and nmnunts having been ad_msted to smt N
thc apparatus uged, were made up amordmg to the method of G‘oldenberg (1990)

a. Stdc:k solutia..

"-A Acrylamide—b:sacrylamide stock.

30 g of acrylamide '
0.8 g of bisacrylamide.
Water to 100 ml

B. 100 i 0.5 M Tris-bicine (both components at 0.5 M, pHB.4)-
C. 4 mg of riboflavin dissolved in 100 ml of water.
D. Ethanol solution for overlaying gels: |

20 ml of ethanol’

80 mi of water

2 mg of bromophenol bive

. b. Recipes for gel solutions

" 0 M Urea, 15% acrylamide _
10 ml of 30% hcrylamide.stock (setution A) .
2 ml of 0.5 M Tris-bicine buffer (solution B)
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2.5 ml of riboflavin stock {solution C)
5.5 ml of water '
24 p.l of N,N, N N—Tet:amethylethylenedwnﬂne ('I‘EMED) (added aﬁer

| - de-gassing, and just before casting of gels)

8 M Urea B
. 9.6 gof solid urea
7,3 ml of 30% acrylamide (solution A)
2 m of 0.5 M Tris-bicine butfer (solution B)
2.5 ml of riboflavin stock (solution C)
0.8 ml of water
24 ul of TEMED (added after degassmg, and Just before casnng gens)

3.8.1 casting Transverse Gmdieut Gels

The linear urea gradient gels (80 x 80 mm) were prepared as previously described
(Creighton, 1986; Goldenberg, 1990) and as shown in Figure 3.2. An mcreasmg ures
gradlent in a gel of uniform acrylamide composition, is known to cause a continuous
decrease in the eIeciIophoretlc mobility of a protein in the absence of any unfuldmg-
transitions (Creighton, 1979). This effect is attributed to either the increased viscosity of
the gel or a change in its sieving properties (Goldenberg, 1990, 'and' 'was compensated
for by using an inverse acrlamide gradient. | o |

By exploiting density differences between different concenﬁations ofurea, the gel

* was cast at constant pump rate (0.8 ml/min) by first pumping solution D through the

bottom of the casting box (to a height of 2 cm), followed by 3 ml of the 0 M urea
solition. ‘The livearly increasing urea gradient was then formed by mixing identical
volumes (9 ml) of the 0 and 8 M urea solutions jn a well stirred beaker, together with
the concomitant removal of the mixture by the pump. The 8 M urea solution was Ihen '

~ puinped into the castmg box until the boundary between solution D and the.0 M solution -

had reached the top of the glass plates (equivalent to a 1 cm band of both 0 and 8 M urea
solutions separated by the gradient). The pump was stopped, the inlet to the casting box
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disconnected from th~ purap and sealed,' and the top of the castiﬁg box was covered with
"cling wi:ap" All tubing was well fiushed with water. The fluorescent lights in the room
were turned on, and the gel in the casting apparatus was Ieft to photo-polymense

overnight with riboflavin as catalyst, ' '

3.8.2 Sample Preparation, Application and Electrophoresis

After polymerisation and ﬂleremoval of the gel cassettes from the ;:astmg box, |
and the tape and spacers from the cassettes, the gels were turned 90° refative t0 theu'

casting orientation. The new vertical edges were taped and the cassettes installed mto an -

electmphorems apparatus whlch facilitated the runnmg of two gels snnnltaneonsly ‘The | _
- gels were pre—electrophoresed for 1 hour at 20 mA. Samples of native protem (50 ug of

protein, 10% glycerol and 0.002% bromopheno! blue) and of denatured protein (50 g o

of protem, 36 mg of utea) were prepa:ed Both samples were made up to final volumes
of 75 pt with - 0.05 M Tris-bicine running buffer, pH 8.4, wh;ch ensured good

. mobility of the Sj26GST in the electric field (p = 5 (Walker et al., 1993)). The samples

were added across the top of their respective gels and then electrophoresed for 3 hours

- at 10 mA. Migration of the protein was in the direction of cathode to anode. The gels.

. were stamed in Coorassie Brilliant Blue. ' ' |

3.9 SIZE-EXCLUSION HIGH PRENORMARCE LEGUI> CHROMATOGRAPHY
(SEC-HPLC) | | |

Exploiting the molecular sieving properties of a variety of porous materials,
molecules may be separated on the basiz of their molecular size and shape (Corbett and
Roche, 1984)_. Combirting this technique with a high performance liquid chromatography
.sys'tem reduces the time taken for an elution prof_ilé from hours to mumtes, wifhout
compromising resojution. The hydrodynamic volume of Sj26GST, at different urea
~ concentrations (0-6 M), was measured at room temperature by analytical SEC—HPL‘C :
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Figure 3.2. Preparation of urea gradient gels using a three-channel peristaltic pump, The
glass plates are held in the pexspex casting box. The gradient is formed by pmnpmgfmm
thclowureaconcentrauonsoluuonmthcnnxmgvesselmmthecamngbox, using two~
channels of the pump, while simtﬂtancously nuxing the high urea concentration solution, -

pumped through a single channei of the pump, with the low urea concentration solution,
-_'The solution in the mixing vessel is vigorously stitred with a magnetic stirrer, T.he.
'volumcofthegradlentlschosentoaﬂow 1 cmreglonsatﬂletop and bottom ofthegels
(a8 the gels are oriented for castmg) which contain 0 and & M urea respecnvely .
(Goldenberg, 1992) - - '




using am isocratic LKB model 2150 HPLC system, conpled to either a Tosohaas '
(G2000SW or BioRad Bio-$il SEC 250-5 columu at 2 flow rate of 0.5 ml/min. All buffer
solutions were degassed and filtered ¢hrough a 0.45-micron 'nyl'on_ filter. Samples of 20 .
#M Si26GST in different concentrations of urea were prepared 1 hour before injecting
onto the column, which was pre-equilibrated with the same concentration of denaturant,
Elution profiles were recorded at 280 nm ﬁsing a Specfra series UV 100 detector.

3.10 THERMAL GRADIENT GEL ELEC_'I'ROPHORES_IS (TGGE)

- TGGE can be applied to analyze conformatmnal transitions -and sequence L

' vanatxous of protems mucleic acids, and protein-nucleic acid interactions (Bumes etal.,
1990}, A'linear and highly reproducible temperature gradlentls established pmpendlcular- >
o the dlrectmns of electrophoresis of the macromolecule, The more compact folded
. conformations migrate more rapidly than do the unfolded expanded conformations, due
to the sieving effect of the polyacrylamide gel. This provides a continuous
two-dimensional pattern of the effect of heat on the cenfermation of a protein. To -
monitor strucmral changes of biomolecules speciroscopic methods hydrodynanuc _
. technigues and observation of changes in chemical reactivity, have been applied. TGGE -
B hasﬂleadvantagemthatltcanﬂactmnate, mthe sameexpemnentaceordmgto smeand_
shape, as well as mionitor structural changes. Therefore in principle, studies on the
gtructural transitions of macromolecules : may be carried out with high resclution, w1thout
purifying the bxopolymer of interest (Riesner et al., 1989),

3.10.1 Gel Casting

The gels were cast by assembhng the two glass plates {300 x 300 mm) separated
by specers 1 mm thick and 10 mm wide. The spacers were recessecl from the edge ofthe
plates _ 1 the plates were then clamped to maintain their alignment. A melten solutlon
of 2% agar «-5 added to the outside of the spacers. The gel was then posmoned at an .; '
angle ot 3G , and ‘the gel solution (compnsmg 12.5% polyacxylamlde 0.29% _
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bisacrylamide, 2 mM DTT, 100 mM NaCl, 1 mM EDTA, and 0.075 M boric acid/0.03
- M borax, pH 8.6) was poured between the plates. The choice of the boric acid/borax
buffer selected from a table of buffers (Birmes & al., 1990)‘ was due firstly, to the pH
 being well above the pl of Sj26GST (see section 3.8.2) and secondly, in most buffers au
increase in temperature and hence reaction enthalpy results in an increase in proton
dissociation and a decreasec pH. At 50°C the drop in the cliosen buffer was only 0.33
~ pH units as opposed to other buffers in a similar pH range where the decrease ranged
' from 0.68 (Tris/boric acid, pH 8.3) to 1.66 (gIYcinefNaOH, pH 9.4} pH uniis, - _
The TGGE was performed as previously described by Birmes ef al. (1990), but
with the gel placed vertically against the aluminfom gradient fonmng bloc.k, electrically
. msuiatedby a thin layer of teflon shesting. Protem(zso;:gmaﬁnalvolumeofl ml,
containing 10% glycerol and 0.002% bromophenol blue) was added across the top of the
gel and electrophoresed at 50 V for 30 mimutes in order to allow for s smooth
. application onto the gel The voltage was then increased to 300 V for 2 hours to allow .
| _ for the uniform migration of the protsin into the gel. Electrophoresis was halted and a
linear gradient of 20°C to 80°C was allowed to form for 30 minutes, by passing water
at 5°C through one extreme of the block, and at 85°C through the other cxtreme
Electrophoresis was then contimied at 350 V for 5 hours while maintaining the -
temperature gradient, Gels were stained with Coomassie Brilliant Riue,

3.1 DIFFERENTIAL_SCANNNG CALORIMETRY (DSC)

Following the introduction of the first scanning calorimeter (Privalov and
Khechinashvili, 1974), deamatic advances in the understanding of the unfolding of
miacromolecules resulted, The Differential Adiabatic Scanning throcalornneterModel—4 .
(DASM-4} comprises two nea:-perfectly matched platinnm capillaries, each with a
volume of £ 0.5 ml. Each of these cells have their own dedicated heating unit, and the
cells are in contact with each other via approximately 200 thermocouples. . These
'thermocouples ensure that as the temperature s increased/decreased at a constant rate, |
 the two cells maintain thermal equilibrium with each other. Explmtm:_. this aspect, a
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typical scan is carried out by injectiog the sample imio one cell, and the reference buffer
into the other. The run is then commenced, with the twe cells "striving” to maintain
thermal equilibrium with each other, At a specific temperature, the macromolecules in
the sample cell begin to unfold in an exothermic teaction due to the breaking of
non-covalent bonds. As a result of this increase in temperature in the sample cell, the
heater dedicated to the reference cell attspmiz 1~ compensate for this effect by additional
heating to the reference cell. This energy . ,.ut is recorded in micro-watts (W = cal/s),
© and it is in fact this energy fmput of the refercnge'heater which gives the ciassic DSC
Calomnetnc measuremnnts were cnnducted on a DASM~4 (Nhshpn'bommrk _
' Iv..ascow) See Privalov and Potekhin (1986) for additional background to ifs
construction. Just prior to DSC experiments, all _S_’,ZGGST samples were buffer .exchanged -
on a PM-10 column (Pharmacia) with 20 mM sodium phosphate buffer, pH 6.5, to
remove DTT which interfered with the baselinz. Final protein concentrations ranged from
7.7 to 50 uM. Both the sample and busfer were degassed under vacuum for 10 minutes,
and then injected into their respective cells over a period of about 1 minute. The chamber
above the cejls was then sealed and pressurised with nitrogen. In ordet to cherk the T

-for scan rate dependence; the heating rabewasvazedat(}‘i, 1 and?."C!m,..,and' -

'correcled for instroment dynamic response according to Freue et al. (1990}, Data were
collected every 0.1 mmin and stored to disk for further processmg Instrument baselines
: w”edetermmedby scannmgtheheatcapac:ty versus tempe e, with buffer in both

" reference and sample celis. Baselines were subtracted fmm the raw data heforc further

analysis. Atternpts at fitting the 0SC curves to a mulu-state reaction mechamsm were not
possible as the data ﬁtte_d well to the following two-state reaction schéme; -

4
Fuw © g,

“Where K is the equilibrium constant which is defined as a function of AH, AS and
the partial specific heat capacity AC,. The equilibrium constant can be expressed in terms
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of the Gibbs Helmholtz free energy as follows: o
K = exp (-AG/RT) - o (3.15)
AG = AH + AC,T - Tg) - T{AS + AC, In(T/Ty) - R In 2C)} - (3.16)
Here AH and AS are the .eﬁ'thalpy and entmpy changes at reference temperatures Tg.
The enthalpy changes (£, were calculated by integrating AC, vs. tempemmre over
the transition interval, takmg the protein concentration into account . The protein
concentratmn is considered becanse AH is expressed in cal/mol; the calories are derived -
from the AC, which is the apparent heat capacity change from the initial state F,,,m to
tle final state FM! The mmber of mnles are expressed as: :
n = CV, where Q is the protein concentration in molanty M) and V=0. 4623 aml,
wluch is the actual volume of both the sample and reférence cells (wn‘hm 1 ,u.l of each
other), - S
 The eqmlibnmn constant X. therefore dlffers fmm a convennonal equﬂibnum- .
‘constant as the molar concentration term C, has been included. S
"The molar enthalpy and entropy changes for the unfoldmg process were obtained
by fitting the equations (3. 17 & 3.18) fo the experimental data, _
o, =( K+ (K +4K)"?) / 2 : ' (3.17)
Here o 1% the fractional amonnt of species B = 0!12(-'-; _
C, is the total concentration of the dimers which dissociate to 2 umalded monomers in
Fﬁ,,,,,,audmtermsofthelawofcunservatlonofmassal+ozz-1 .
The fitted molar heat capacity function (AC,) Which represens the DSC data can
be expressed in terms of oy, AH and AC, as follows -

AC, = AH (1o,/dT) +a AC, - - (3.18) |
Ty values were defined as _
Tn = AH/ [A5 - R In 2C)] 3 : - - (3.19

* wihere T, is the midpoint of the transition, and R the gas constant (1,987 cal/mol/K)

AHyy values at-individual protein concentrations were caleulated from the integrated
AH,, curves, where: | _ - | '

AFiyy = 2m + DRI do,/dT) | (3.20)
"where m is the mmber of monomers in the native protein, therefore for a dimeric
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_ protein: _ _
AH,y = 6RT,X(da,/dT) ' L _ (3.21)
Here da,/dT can be expressed in terms of the change in temperature’ (AT) between the

-pre- ‘and post-transition of the integrated AH,,, as indicated i in Figure 3.3, '
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Figure 3.3. Caiwlatmn of the AH\,H from the mtegmwd DSC curve, The temperamre

- difference (AT) is calculated between the pre- and post-tmnsitmn and then apphed to

equatmn 3 21.
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CHAPTER 4 RESULTS AND DISCUSSION -
4.1 AGGREGATION OF $j26GST UNDER NON-REDUCING CONDiT)iONS

Sj26GST, as expressed by the pGEX-2T plasmid, has a tendency to undergo
oxidative aggregation when extracted and punﬁed under non-reducing condmons.
SEC-HPLC elution profifes result in only the native dimeric §j26GST when the enzyme

is purified and analyzed in the presence of DTT, The absence of DTT results in a -
mixture of native protein together With 160 kDa and Jarger aggregates (60% native &
40% aggregatcs), as md:cated in Figure 4.1A. Furrhennore, SDS-PAGE in the absence
of ﬁ~mercaptoethanol indicated the presence of a lugh molecular mass aggregate {73 kDa)
in addition 10 the monomer (26 kDa) for protein not punﬁed under reducmg conditions
- (Pigure 4,1B). All aggregates dxsappeared when DTT was present indicating a reversible'

process involving thiol groups. Comparable specific activities were obtained for both - |

native dimeric (10.8 p,molfmm!mg) and aggregated enzyme (9.4 ;unol!nun!mg) Sj26GST

~ has 4 cysteine residues per subunit none of which is involved in intra- or inter-subunit

disulphide bonds (Lim ef al., 1994; McTigue ef al., 1995). Titration of the reduced -
recombinant protein with DTNB yielded values of 3.5 and 3.7 free cysteines per subunit
for folded protein and for. unfolded protein, respectively.

Therefore, both the chemical ‘modification data ‘with DTNB and the
crystallographic data (Lim et al., 1994; McTigue ef al., 1995) indicate the four cysteine
residues per Sj26GST subumit to be highly exposed to solvent (Pigure 4.2). The
formation of intermolecular disulphide bonds involving some of these cysteines could
therefore explair the oxidative aggregation observed for the protein, as well as the
veversal of aggregaﬁon by treatment with reducing agems; The small amount of the 73
kDa aggregate in the SDS-PAGE relative to that of the SEC-HPLC is perhaps attributable
to the aggregation of the protein according to the scheme as laid out in Figure 4.3, Only.
the monomers of the inner circle are able to form disulphide bonds between the exposed
. cysteincs', while those of the auter circle are spaced too far apart (> 2&) to facilitate the
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Ratantion Tima {min}

- Figure 4.1. SEC-HPLC profile and SDS-PAGE of aggregated Sj26GST. A 20 uM
- sample of Sj26GST, which had bee purified in the absence of DTT, was applied to an
'SEC-HPLC column. The resolved species comprise 60% native and 40% aggregated
protem (Figure 4.1A), where ¥ is the native protein (52 kDa), 4 is the aggregatad
protein (73 kDa) and Vis the void volume (160 kDa) Figuse 4, 1B represents an SDS- .
'_PAGE of aggregated Sj26GST which was loaded onto the gel in the absence (lan& 2) and .
presence (lane 3) of ﬁ-mer&aptoethanol Both lanes show predommant specles of the 26
kDa prolein W1th a 73 kDA aggregate visible in lane 2
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‘Figure 4.2. Profile of the environmental exposure of the cysteine residues in 8j26GST, -

The degree of exposure is calculited according to the method of Lee and Richards (1971)
and the cysteines are identified as the green vertical lines and from left to right are:
Cys84; Cys137; Cys 168; Cys 177, '
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Denaturation {bofling and SDS)
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+ 73 kDa spocies

/"\../ I~ N 3x 26 kDa species .

. Figure 4. 3. Schematic representation of the aggregation of Sj26GST. .Only 3 disulphide
bonds (#} are gble to form in the inner subunit circle of the aggregate, with subumts on
.the ocuter side posmoned too far apart to facilitate disulphide bond formation.
_ Denaturation of the aggregate by heat and SDS results in the formation of the d:sulphlde-
. Yinked 73 kDa specles together with 3 individual 26 kDa species. 'The Iower amount of
aggregalaed protein in the SDS-PAGE relative to that of the SEC-HPLC is atiributable o
the added contribution of the 3 x 26 kDa species which mlgrate together with the
: .unaggregated protein. | : |




formation of inter-subunit disulphide bonds. The combined effects of the SDS without
the reducing agont causes the native dimers to denature into their 26 kDa monomers.
Each 160 kDa aggregated molecule would then result in three 26 kDa molecules and ane
73 kDa aggregated molecule. Thus explaining the higher proportidné of native protein
1o aggregated protein in the SDS-PAGE (40% aggregated/2 = 20% + 60% native =
80% native and 20% aggregated in the SDS-PAGE). The four cysteities appear in domain

I; Cys84 is located near the subwnit interface while the other three residues are clustered - -

* together on the surface of domain X1 on the oppbsir.e side-of the active site, Becanse none

" of the cysteines is situated near the active site, access to these sites is not affected by. the
oxidative association of dimers, Aggregated protein retains its ability to bind the affinity.
matrix and displays a specific activity comparable to that of the native dimeric protein.
The close proximity of the clostered cystemes to the peptlde linker (with thrombin

~ cleavage site) fused to the C-termims of Sj26GST, provides an explanation for the

* reported obstructxon of specific cleavage of GST-fusion proteins that have undergone "
omdam'e aggregatlon (Abellovmh and Shlomm 1995).

4.2 UREA-INDUCED UNFOLDING/REFOUDING REACTION
4.2.1 Reversibility of Unfolding (Structure sud Function)
o study unfolding under equilibrium conditions it is necessary to show that the

process is reversible (Pace et al., 1985,. Tr-yptophan fluorescence and enzyme activity
were used as structural and functional probes to momitor changes o the Sj26GST

- molecule during unfolding/refolding. The enzyme contains four tryptophan residues per -

subunit (Trp7, Trp40, Trp200 and “Trp205). The tryptophan emission spectrum for the
folded protein (excitation at 295 nm) has an emission. maxitum at 335 nm Which shifis
to 355 nm when the protein unfolds. This red shift is accompanied by a large increase
~ in quantum yield (Figure 4.4) suggesting that the tryptophan residues are located in 2
 ydrophobic and quenching environment in the folded protein (Teal, 1960). Refolding
of the denatured protein by a tenfold dilution in non-denaturing buffer resulted in 2 blne
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; Figure44.Reversibﬂ1tyofthcunfoldmg oijZﬁGST Exc:tatlonwas at295nmandthe_-
. em:sslonwwelengﬂiscanrangedfmmaoﬂtOMBm Inallmstancestheprotemwas_ '

'mZOmMsod.lwuphosphatebuffer PH 6.5, containing 0.1 M NaCl, lmMEDTA and

' 0.02% NaN,. The unfolded protein, U (20 M in 6 M wres) was diluted 10-fold
(refolded protein K}, thereby equalling the concentration of the native protem, NG@ p.M '
. in 0.6 M urez). All measurements wese performed after equ:libnum__ was attaingd.
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shift from 355 nm to 335 nm (Figure.4.4). About 90% of the emission intensity at 335
nm was recovered when compared with untreated folded protein. Fusthermore, the -
- recovery of enzyme activity following refolding was in excess of 80%. The data indicates
 that refolding proceeds mainly to the catalytically functional conformation. '

4.2.2 Unfolding Transitions and Protein Concentration Dependence

. Enzyme activity and tryptophan fiuorescence unfolding data resulted in coincident
_ andmonophaswunfoldmgcur\res once the raw data in i ¢ zwe 4.5 A had been refined
{Figure 4.58). The mldpomt of the unfoldmg tramsition mcrcasec! to- lugher urea
concentratlon with increasing protein concenlratlan (Figure 4.5B msert) The monophasic
and coincident transition curves for fluorescence and activity date, oud the protein

' concentration dependence of this data, suggest a two-state unfolding]refolding model

(Bowie & Sauer, 1989). This facilitated the estimation of the conformational stahility of

' the Sj26GST in the absence of denaturant as shown in Figure 4.6. Table 4.1 gives some
of the conformational stability properties derived from the unfoldmg of S_]26GST together )
with similar data available for other GSTs.

In order to conoeptuallse the meanmg of the data in Table 4 1 a clear.
understanding of both the unfolding curves and the determination of the free energy, via
the linear extrapolat:on method (LEM) must be attained, |

~ The uﬁoldmg curves' in Figure 45B describe an increase in the fraction of
unfolded species 48 a function of the urea concentration. In the transition regmn of the

unfoldmg curve one sees an increase in the unfolded species per unit change of urea |
" conceniratioit. The smaller the change in urea concentration through which the protein
unfolds, i.e. moves from 0/1 fraction of unfolded species to 1/1 unfolded species, the
hipher is the cooperativity; the Cm value therefore Implymg that 1/2 of the p0pu1atmn '
of protein molecules are unfolded. : '
~ The LEM of Figure 4.6 describes a decrease in the- AG s 4 function of an
increasing urea concentration. This decrcase is due to the substitution of pmtem-prutmn

_ non-covalent interactions for that of protem— solvent interactions. The breaking of these
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Figure 4.5. Urcaunfolding curves for Sj26GST. Tryptophan fuosesconce (0) and
enzyme actmty {» were used to momtor the unfolding of 2 pM Sj26GST. The

uirefined data in Figure 4. 5A shows the percentage residual enzyme activity and the
' fluorescence ratio of unfolded to folded (F355/F335) protein, The G, value of the -
fraciion of unfolded protcm(FJ mF1gure4 5B occurs at 4.5 M urea. The insert shows
- the protemncomentranou dependeuce € SJZGGST stabillty against urea at 0. 2pLM (%),
2pM (?) and20#M @)
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_ Figure 4.6. AG"(H;O jasa funcuon of uiea concentration, The expenmental values of R
AG (®) were extmpolated to 0 M urea using equation 3. 14 where AG‘(H,,O) 26 +

1.7 keal/ mol andm -'4.5 kcalmol“M" '
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Table 4.1. Conformational stability parameters of various GST classes. at different
protein concentrations, '

GST Proteln Comcentration’ - AGY(0)  mevale Cm-vaiug

(uM) ~ (keal/mol) . (kcaUmol!M) (M ures)
Sj26GST 20 C 260%17 '4.5' s
paSTPI-It 1 ' 21,6 £ 2.5 3.1 445

hGSTAL1+ 1 275 + 3.8 42 46

+By compensating for protein concentration effects (squation 3.10) similar AG values .
(41.7 kealfmol) were obtamed at all three §j26GST concentrations of Figure 4.5 (insert).
¥¢Dirr and Reinemer, 1991)

*(L Wallace, unpublmhed results)
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bonds leads to the unfolding of the protein. It then becomes possible to quantify the
unfolding of the protein in terms of an increased change in the accessible surface area
(AASA) (Schel]man, 1978), which has been found to increase lmearly with an increase
in amino arid number (Myers ef gl., 1995) This dependence of the AG as a function of
urea concentration is then specified by the slope of the graph, and is termed the
parameter m. The larger the change in AG per unit denaturant concentration, the larger
would be the number of broken interactions, Hence the more advanced the unfolding of
the protein would be, the greater would be the cooperativity of unfolding. Therefore, 48
- a function of urea concentradon, a large change in Fu (i.e., fraction of unfolded species)
over 2 small urea concentration rang- WOuld then be comparab]e to alarge change in AG
" (AASA) over the same range of urea. .

- The expenmentally determined m-value of 4.5 keal mol ‘M‘ at 20 pM protein = . .
. concentration compares fairly well with a vatue of 4.92 keal/mol per M urea calculated
_ from (Myers et al., 1995); .
| m =374 +0.11(AASA) | S (41)

where AASA is the change in sclvenit accessible surface area upon unfolding (AASA

' 907 + 93(number of amiuo acid residucs) =~ 41129A=)

4.2.3 Unfoldinngefoldlﬁg Model

- From the above data, it is reasonable to assume two basic models for the
equilibrium unfolding/refolding pathway of SJ26GST, In model 1, active falded dimer
{A;), inactive folded monomer (A), and unfolded monomer (U) are sigmﬁcantly '
~ populated at eeuilibrium:

K K,
A, ® 24 & U | _ |
- where K; = __[A]ZJ[A,;] is the equilibrium constant for the bimolecular dissociation _
reaction, and K, = [UW/[A] is the equilibrium constant for the unimolecula unfolding
reaction. The folded monomer is assumed to have a tertiaty structure similar to that of
- the dimer subumt, but is catalyncally inactive because the dimeric strucmre is required -
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to form a fully functional active site, due to the salt bridge formed between Asp100 of -
the second subunit and the N-atom of the y-glutamate of GSH bound to the other subunit, -

ag shown in Flgure 2.5
' In model 2, only active folded dimer (A} and unfolded monomer (U) are

signiﬁ_cantly populated:
K '
A, e 20U

wihere X, = [UJY[A;} is the equlhbnum constant for the bimoleculer concerted
dlSSOClal'lon angd unfolding reaction,
' The experimentsl data presented here (i.e., the coincident structural and enzyme
activity data, protem-concentranon dependence, monophasm transmons) support- Model
2 which describes a highly co-operative and concerted two-state pathway for the
equilibrium unfoldmg{rcfoldmg of S_]ZGGST The size of the protem or the amonnt of its -
 surface area exposed to solvent upon unfolding is the major structural determinant for the
m-value (Scheliman, 1978; ‘Alonso & Dill, 1991; Myers e al., 1995). The magnitnde
of the m-value is also indicative of 2 highly ed-opéfative two-state unfolding/refolding
process (Pace, 1986), Conformational stabilities for dimeric proteins generally rahge _
 between 10 to 27 keal mol! M which is significantly higher than those for monomeric
proteins (Neet and Timm, 1994), The large stabilisation energy of the dimer is usnally
- attributable to the interactions at its subunit inferface and gives a-rationale for the
_formauon of oligomers (Neet and Timm, 1994) Mulcmﬂar recognition for dlmensauml
of the different types of GST monomers is stnctly gene class, speclfic with no known
mterclass c_lune:s, (Ditr et al., 1994; Jones and 'I‘hom_ton, 1995; J.Hornby unpublished
 results). As in all other GST structures, intersubunit contacts in the S26GST dimer are
fonﬁed primarily between domain 1 of one subunit and domain 11 of the other, The
interface has extensive hydrophobic patches at either end and is l_iydrophil,lic tiear the
- dimer 2-fold axis. The most prominent hydrophobic interaction at the interface s the

_ anchormg of the phenyl ring of Phe51 located in & loop after alpha-helix 2 in domain I o

" of one subunit into a hydrophobic pocket between alpha-hehx 4 and alpha-helix 5 i
. domain IT of the adjacent subunit. This lock_-and~key feature is also conserved at the
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dimer interface of class alpha!mu!pl enzyrnes but is absent at the more hydrophﬂhc
mterfacemmgmaandthetaclassdmers S
Recently, a new method for idenhfymg and analysmg stat:sticany mgmﬁcant
residue clusters (basic, acidic or of mixed charge) that occur _m three-dimensional protein |
structures has been described (Karlin and Zhu, 1996; Zhu and Karlin, 1996).
Approximately 10% of protein structures contain charge clusters, Positive charge clusters
are very rare, and negative charge clusters are usually involved in coordinating metal
| ions:; Mixed charge clusters being prominent at interchain contacts where they stabilise
quartenary protein formation. The advanfagc of this method is in the identification of
the mixed charged clusters which would appear neuiral when charge potentials are used.
This method has been applied to 1GSTM3-3 (PDB accessmn code 2GST) which, whﬂc

not only belonging to the class mu, has in. addition a 42% sequence 1de1mty Wlth o

'S_]‘ZGGST The analysis shows that no significant charge cluster exists in either of its

_ 'subumts. but involves a mixed charged cluster at the interface between the two chams.
Consequently, the mixed chm‘ged cluster i is thought to be essenna] in contnbutmg to -
dimer formation and would appear to substantiate the less important role played by the
"lock-and-key" interaction in stabilising the alpha/mu/pi classes (1. Stevens, unpublished
results). Of the 15 residues in rGSTS -3 which form an mtersubumt charge cluster, only
3 of the topologically equivalenit residues in szﬁGST are conserved (Arg72, Arg88 and.
Glu95), with tio conservation of charge occurring in the other residues, At this stage,
however, the contribution of the individual interactions towards the conformaional
stability of GSTs is unknown. | |

4.2.4 Effect of Binding PZQ

Dlmermatlon of Sj26GST creates a solveut accessible cleft along the 2-fold axis
wtuch has been shown to function as a bmdmg site for the non-substrate hgand and
antischistosomal drug, PZQ (McTigue et al., 1995). PZQ makes contact with Gin6e,
Gly96, Leu99, Asp100, Tyr103 and Argl07 of subunit A and also Tyr103 of subunit B,
In the light of the contacts made by PZQ to GIn66 and Asp100, both of whlch are
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Figure 4.7. Determination of the dissociation constant, K, for PZQ. The fluorescence -
' queniching technique described in section 3.6.2 was used to determine the K,
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Figure 4.8. Urea unfolding curves for §j26GST in the presence and absence of PZQ.
Tryptophan fluorescence was used to monitor the unfolding of 2 M S{26GST in the )
presence (circles) and absence (triangles) of PZQ. The ratio of unfolded to folded
(355/F335) protein is shown in (A) and the fraction of unfolded protein (Fu) in (B).-
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Figure 4.9, Overlay of the uncomplexed and PZQ-bound Sj26GST. The coordinates of
the PZQ-bound (PDB accession code 1GTB) were overlaid with the unbound (1GTA)
Sj26GST according to the least-squares superposition method of Hendrickson (1979). The
view is down the two-fold axes of equivalent monomers with PZQ in red. No gross
conformational differences are visible between the two structures,
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involved in GSH binding, it hias been inferred by others that PZQ inhibits enzyme
activity (McTigue ef al., 1995; Meyer et al.; 1995; Cameron et al., 1995). Despite
tightly binding PZQ (K, = 9 + 1.8 uM PZQ, as calculated from Figure 4.7), no
‘reduction in enzyme activity was found to occur in the presenbé of 100 sM PZQ. A
higher concentration (500;:M PZQ) bas also been reported to niot reduce enzyme activity
‘(Walker ef al., 1993). _ :

In order to dzscem the effect of a saturating concentration of PZQ (450 pM) on
the_établilty of 8j26GST, a conformational stability study was carried out (Figure 4.8).
No. difference in the stability of the protein in sither the presence (26 keal mol®) or
absence of PZQ (26 keal mol’) was discernible. A least squares superimposition

-(Hendricksoﬁ, 1979) of the ligand free and PZQ bound Sj26GST indicates no gross L

. conformational differences in structures (Figure 4.9). The pumber of contacts between

- the two ‘subunits is however reduced from 23 to 19 upon binding the drug. Elevated .'

conformatinnél stabilities of dimeric proteins relative to monomers are well established

as being due fo mtersubumt interactions (Neet and Tlmm 1994) The most dommant

_ hydrophobm interaction between the two subunits, that of the PheS1 lock-and- -key '
mteractlon is not affected by the presence of PZQ (Flgure 2.3). The absence cf any

‘changes in stabilities in either the hgand—bound or uncomplexed §j26GST hlghhghts the

_ difficulties involved in attributing proteln stabilisation to the effect of specific bonds. (an

addendum dealing with reservations, expressed by one of the reviewers, regarding this section and section
- 435 havebeeninclnded onpage 158)

4.2.5 Urea Gradient Gel Electrophoresis (UGGE)

The presence of intermediate states in the unfolding/refolding pathway of some _
| proteins which have gone undetected using"spectros::upic probes, can be found using urea
gradient gel elecirophoresns (Cre:ghton, 1986). UGGE was therefore used in order to
ascertain whether any mtennedlate conformational states were present elong the
unfoldmglrefoldmg pathway of 5j26GST. Figure 4. 10 illustrates -the eleclwphoretlc
' behavmur of the proﬁein when applled across the gradient of urea in the folded state

104




A
+ .

B
-+

Urea (M)

Figure 4.10. Urea-gradient gel electrophoretograms for native Sj26GST (A) and unfolded
SI26GST (B). The wrea gradient (0 - 8 M) is perpendicular to the direction of
electrophoresis from cathode to anode. Transition ocours between 4 M and 5 M urea.
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Figure 411, Urea gtadlem electrophoresxs patterns exp‘.cted for sorae folding | transmons
The protein applied to the gel is either fully folded Oeft) or unfolded (nght) The
paren!: rate constarits for the iransitions are described ag "fast" or "slow" relative fo the

_ - dvration of the electrophoretic separation. The eqmm:num mldpomt 1s near the middie -
~ of the urea gradmnt in each case (Crelghtnn, 1986)
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(Pigurs 4.10A) and in the unfolded state (Figure 4.10B). The protein bands in the two - -
'elébtrophoretograms are very similar, showing a'si"ugle' transition between 4 and 5 M
- urea, Utilising both foldmg and m:lfoldmg electrophoretograms. a scheme has been
' deve10ped for describing the rate of unfolding/refolding, and the presence of any
intermediate species (Creighton, 1986, Mitchell, 1976). Figure 4.11 is 2 representation.
of the scheme taken from Crelghtou (1986). The dlsconumnty between the bands of the

* native and unfolded S_|26GST indicates that unfoldmg and refoldmg are relatively slow

on the time scale of the eIecn'ophoresls near the transition mldpomt {i.e. e two states -
are in slow equilibrium, allowing for their accur ylation). The similarity of the two
electrophoretograms would however imply that the unfolding/refolding Process is mot _
quite as slow as represented in Figure 4.11d, but the lack of continuity in the transition
region would preciude it.from a Figure 4.11a style of unfolding/refolding.

- 4.2_.6'size-Exc1usinn HPLC (SEC-HPLC)

SEC- B‘PLC is useful for studying protein unfolding/refoiding due toits abihty to
resolve changes in the hydrodynamic volumes of macromolecules and therefore, to detect -
 the presence of kinetically stable intermediate states provided that they are stable within
 the time scale of the chromamgm run (Corbett and Roche, 1984). Figure 4.12 shows :
elution. profiles of 5j26GST in the presence of increasing concentrations of urea. Only
‘two molecular species are observed; one species at the retention time for the native -
dimeric protein, and the othef at the retention time for the unfolded IDPNOmEr, The
‘midpoint of the unfolding transition appears at 4.85 M urea and is similar to the midpoint

value obtaiped by tryptophan fluorescence (Fipure 4,.., . Polded intermediates (such as
a folded monomer) were not observed. ' o

* 4,3 THERMAL UNFOLDING
The unfolding/refolding of a protein is dependent on the energetics of protein
structure, and heuce the thermodynamics thereof, The unfolding of small single-domaiu
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N = Native Dimer
1] U = Unfolded Monomer
| M = Folded Monu_rner _

RETENTION TIME 5

Figure 4.12. SEC-HPLC elution profiles of Sj26GST with increasing concentrations of _'
urca. 20 uM §j26GST was incubated for 1 hour at different concentrations of urea and
' apphed to a SEC-HPLC column equilibrated with the same concemnm of urea. The
. expected position of folded monomer if it had been observed is indicated by M.
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proteins is well approximated hy a two-state trausition (Privalov, 1979). Their unfolding

is however s.ot exactly two-state, in that some intermediate states are p’resen’ﬁ, but their
populations are usually less than 5% (Freire and Biltonen, 1978, Privalov, 1979). In

‘order to defermine the two-state behaviour, a test of cooperativity needs to he applied,

Only in the tezaperatuce-induced unfolding of proteins is this test possible (Makhatadze
and Privalov, 1992). The test is dependent on the ratio of the calorimetric enthalpy to
that of the van’t Hoff enthalpy being equal to unity. No rigorous test for the coopeiaﬁvity :

of denaturant-induced unfolding of proteins exists, since this would require the
measurement of the mumber of bound Higands (denaturant molecules) to the protein ypon -

unfolding (see eg. Ptitsyxi. 1995b). Therefore ihe application of a two-staie transitior.
mode] for the solvent mduced denaturation is based on indirect evidence which may lead

_ to extor (Pfell and Privalov, 1976, Makbatadze and Privale- 1992). Accordingly, all
 thermodynamic charactetistics of protein unfolchng, obtained by solvent-induced
- denaturation, should be considered with caution (M_akhatadzg and _analov, 1992). Due

to the energetics of the protein's structure being understood as & difference between the
folded and unfolded siate, it is vital that the denaturation results fa complets unfolding.
As previously poimed out (Shortle, 1996), complete unfolding of the proteis is only.

- expected to oceur in very lngh concentrations of chemical denaturant. The problem

though is the large interaction of denaturant with protein, which is not well understood
(see Makhatadzz and Privalov, 1995 and the references therein). As a result, numerous
empirical methods have been developed which exc_lude the effect of the interaction of the

 protein with denaturant molecules, from which certain thermodynamic informaiion may

be deduced (see the method of Pace, 1986 by which the conformational stability in this
thesis was derived), This method makss use of the assumption that the process under
investigation occurs in & two-state maanmer. Furthermore, the methods of linear
extrapolation to zero denaturant concentration are ot always well-substantiated ffaue,

~ 1986). The only parameters which may be obtained by testing protein stability against

chemical denaturant are the concentration of denaturant corresponding to the midpoint
of the transition {Cm), the effective vaiue of the Gibbs energy difference betwecn the

~ folded and unfolded states, and the parameter m specif_ymg change in accessible surface = -
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area, This infonnation' is howe ver insufﬁciént for the quantitative analysis df the protein
Due to all the reservations regarding solvent-induced denaturaﬁon. heat was
chosen as a denaturant as it provides more complete thermodynamic information |
(Makhatadze and Privalov, 1992). ' :

4.3.1 Thermal Inactivation of §j26GST
The loss of enzyme activity of SjZGGST with increasing temperature is shnwn in
Figure 4.13A The midpoint of the transition (45-55°C) occurs at about 51°C. These-data
 are similar to that reported for hGSTP1-1(T,, '~ 52°C) (Kong et al,, 1993).
4.3.2 Thermal Gradient Gel Eloctrophoresis (TGGE)
TGGE was psrformed in onder 10 trap any infermediates that may have ocourred

along the thermally induced wfolding pathway. The behaviour of $j26GST when
electrophoresed across & températute gradient (20-80°C) is shown in Figure 4.13B. and

indicates a single transition between 45 and 55°C. This corresponds with the enzvme =

inactivation data. The discontinuity between the bands of native and unfoided .Sj26.GST. '
indicates that unfolding is slow on the fime scale of the electrophoresis near the trausition
midpoint, thus allowing for their accumulation, and is similar to the UGGE results
obtained in section 4.2.5 and Figure 4.10. The protein band in the pre-transitional region -
is non-parallel to the surface of application (top of the gel) due to the decreasing gel

viscosity with increasing temperature (Birmes ef al,, 1990). o

4.3.3 Ultraviolet (UV)-Melting and Differential Scanning Calorimetry (DSC)
4.3.3.1 UV-Melting

UV-melting cirves are extensively used in deriving thermodynamic parameters
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Figure 4.13. Profile of dectease in enzyme activity (A) and thermal-gradient gel
electrophoretogram (B) of Sj26GST. In (A), 50ug of the enzyme was incubated at each
temperature for 10 minutes, and the i'emainin.g'activity assayed no1M potassium
phosphate busfer, pH 6.5, 1mM GSH, 1mM CDNB. The transition occurs between 43°C
and 55°C. In B, native Sj26GST was electrophoresed through the gel with a linear
therraal gradient from 20°C'_to 80°C perpendicular to the direction of electropharesis, _
from cathode to anode, The transition ocours between 45°C and 55°C, The transitions of-
 both (A) and (B) coincide, | | i S
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from DNA (Marky and Breslauer, 1987). In order to monitor the melting (unfolding) of
a protein, heated at & constant rate, the increase in absorbance of buried chromophores N
(phenylalsnine, tyrosine and tryptophan) upon unfolding was monitored at 280 nrm. The -
UV-melting curve for Sj26GST and its first derivative are shown in Figure 4. 14 and
have transition nudpomts (T, of about 58°C. The hlghly symmetrical derivatised melting
curve indicates a monophasic transition from the folded to unfolded protein. After the

- stan the_protem was found to have aggrggated Because urea-induced unfolding of -

$§26GST did not result in any absorbance increase at 280 om, the UV-melting curve
- could be attributed to aggregatlon rather than the increased exposure of the 3 types of
chromophotes, Upon unfolding only a small aMorbance increage is expected at 292 nm -
~ (Schmid, 1990), In addition, mnumercus techniques are used to determine the

concentnmon of a protein by rualung use of its absorbance at 280 nm (Layne, 1957'. '
- Perkins, 1986), None of th.ese techniques requm the denaturation of the protein.

4,3.3.2 Dil'ferenﬁal Scanning Calorimetry (DSC) .

" Reliable thermodynamic information which describes the protein’s unfolding can
oty be obiained by direct calorimetric measurement of the heat capacities of the native
and denatured states of the protein. Since enthalpy and temperature are conjugate
t_her_mo'dy namic extensive and intepsive variables, calorime&y is especially imp_o_rtamt for -
studying teinperamré induced processes. The functional dependence between such
variables includes all the information on the macroscopic states which are realised in the
‘process (Freire and Biltonen, 1978; Privalov and Potekhin, 1986; Privalov, 1989).This
is why calorimetry provides such & rigorous test for the presence of intermediate states
during the temperature-induced unfolding, i.e. on its correspondence to a two-state
teansition. A small deviation of the observed pmcegs-ftdm & two-state transition does not
affect the precision of the calorimetrically derived enthalpy and entropy differences
between the states. Applying the mduect equilibrium ahalysis in solvent-induced
denaturatmn would render the results useless if there were any. devnatmn fmm an
agsumed two—state reaction scheme,
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 Since the development of the first Differential Scanning Calorimeter (Privalov and
 Kechinashvili, 1974), DSC has been extensively used as the most definitive technique for
establishing the presence or absence of mtermcdlate species along the unfolding pathway
- of macromolecules, For reviews see Pm'alov & Potekhin, 1986; Sturtevint, 1987;
Freire, 1994. The DSC curve for $j26GST, indicates that the protein unfolds ina s.ingle _
~ transition where T, -values are dependent upon protein c;oncentratiou'(Figure.éi». 15
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" Figure 4.14, UY-melting ourve of S[26GST. A solution of S{26GST was heated ata

constant raie of 1°C/min, and the absotbance at 280 mm (. - .) measured connnuously
(-). ﬁmt—denvansed curve of the Ay, data.
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4.3.3.2.1 Scan rate dependence

Rescannmg the same SJZGGST sample after completing the run, indicated the base
line to be flat with no thermal effect visible on the DSC curve. Consequently, thermal
denaturation of 3j26GST can be tegarded as being irreversible (Frexre etal, 1990)
Although the interpretation of DSC data are based on reversible processes, the vahdlty
of applying eqmllbrmm thermodynamics to irreversible processes has been indicated
(analov, 1982: Sturtevaunt, 1987), provxded that the Tn va]ur.s of the excess heat
capacity curves, and their shape are independent of sean rate, (Preire et al., 1950;
: Sanchoz-Rmz 1992) i.e, that the denaturation process is not Kinetically controiled, _
| In order to chéck for scan rate dependence, identical new samples of 15 p.M
8j26GST were scanned at three different rates, and the daia summarised in Table 4.2

| The ex:stenoe of scan rate effects can be attt'buhed to the instrument dynamic
respouse (Fre:re et al., 1980), This s]ow time response of differential -scanming
| .calonmeters results in the distortion of the shape of the heat capacity function, and is
more pronounced for shmp transition peaks aod for instruments performed at fast
scannmg rates (Freire et al., 1990). '
_ In the case of a strongly rate limited mevermble DSC transition (see for example
Galisteo ef al., 1991), protem ooncentratlon effects may stlll be oxpected to occur if the
dissociation of the native. mult:menc protein into monomers takes place before the
 rate-determining «tep, or if the kinetics of the irreversible process is not first-order
(Sanchez-Ruiz, 1992). This would imply that the existence of protein concentration
.ﬂependence, (in the absence of scan rate independence) does not provide evidence that
the denaturation process is not kinetically controlled (Sanchez-Ruiz, 1992). deally, the
scan rate should be mﬁuitely slow in order to combat thig effect (Frelrc et al., 1990).

- However, protems are susceptible to being further dwtabﬂlsed when mamtamed at
constant elevated temperatures (Freire ef al., 1990 ). Refer also to this study where

thermal inactivation of enzyme activity (10 minute mcubatlon at each temperature) results
in a midpoint of denaturation approximately 10°C lower (T,, ~ 50°C) than that found for -
the DSC or. UV-melting (T, ~ 60°C), where the scan rate was 1°C/min,
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Table 4.2 Effect of scan rate on the T,, value of §j26GST. The T, values were corrected
for the dynamic response of the DSC according to the method of Freire e al. (_1990).-

Scan Rate °C/min) - T, (°C)  Corrected T, (+0,2°C) .
05 89 600
1 : %6 . 603

2. | - 6L7 - 605
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 Figure 4.15. DSC curves for $j26GST at different protein concentrations (7.7 gM to 50
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43.4 The Urfolding Pathway of Sj26GST and the Implications of the
- Thermodynamic Parameters

Deconvolution of the curves in Figure 4.16 imlix:'ate that the melting of Sj26GST
is & two state process (i.e., intermediates are present in ncghgible amounis). Table 4.3
. hsts the thermndynamlc parameters derived from the fitted DSC scans. The correlation
of t = AHyy/ AH, =~ 1, provides very strong evidence that the unfolding process is
two-state (Sturtevant, 1987). Furthermore, the slope of & linear van’t Hoff plot as shown
in Rigure 4,17 (Sturtevant, 1987); yields a AHy, = 192 keal/mol. This js in reasonable
agreement with A, = 227 keal/mol {i.e., 1 = AHy/ AH, = 0.85), supporting the
assumption of a two-state pfooess (Sturtevant, 1987). The average AC177% c.al mo]I'"K“) _
is due to the hydratlon of non-pular residues upon unfoldmg (analov and Gill, 1988; -
Myers, et al., 1995) This value has been found to increase linearly with the me'ecriar _
-mass of the protem, and consequently it is possible to predict the AC, (M ers, ef al.,
1995) by using the following algorithm: AC, = -251 + 0.19(AASA). .2)

For $j26GST the theoretical AC, = 7563 cal mol“K-¥, which is approximately
four-fold. that of the value which was expesimentally derived (average AC, = 1779 cal
mol "), Since $j26GST does not have an inordinately low mumber of buried nonpolsr

. residues (81 of the 94 nonpolar-reaidués having a 50% or less exposure to solvent), it

~ would appear that the denatured state of ie protein js not fully unfolded. Tncomplete
' unfoldmg has prevmusly been reported “ier proteins when heat is used as a
denaturant (Ptitsym, 199¢ . with the non-wrgue structure of the denatured profein
explaining the large standard deviation (SD) found in the AC, values (SD = 730 cal
mol K, | : :
The major destabxhsmg component of a protems stahlllty is the conformancnal'
entropy(AS 3. Because thete are many more. arrangements of the ﬂemhle. thermally
agitated unfolded chain than for the compact folded moleculc AS . is always positive
~ (Baldwin and Eisenberg, 1987), where, _ _
' ASpy =kinw [amino acid mmber] - | E (4.-3)
where k is the Boltzmann constant = 1,98 cal mol 'K and w is the mumber of accessible
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Figure 4.16. Deconvolution of the DSC onfolding curve. DSC curves were
deconvoluted according to the method outlined in section 3.11. The raw dat together
with the fitted curve are shown for each protein concentration (A, B and C): The noise
level in the 7.7 pM Sj26GST sample was too high to faqﬂltate_ saccessful curve ﬁtti_ng_.
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* Table 4.3 Table of thermodynamic parameters caleulated from the fitted DSC data.

+3.8

Concentrasion of Afieal  AHpw T a8 ACp :

SPRAGST (b (ecalimol) (keal/mol) ® el mol ™K etmoliRE

50 2203 229 - 134.4 - 344 1236

25 243.1 237 3334 - 348 2621

10.6 - 238.0 231 3326 7 /) 1481

Avesage 227 233 - 354 1779
9.5 - +14.7 +730.1

Standard Dieviation
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_anure 4.17. Arthenius plot for the calculation of the AHyy. The -éldpe of the ln C. vs
1T, (where C, is the total protein concentration; Sturtevant, 1987) yields a AHlyy = 192 |
kcal!mo! i, er= AH“JAH.,,I = 0.85, supporting the two-state unfoldmg assumpnon
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states in which the system can exist. The value of w for » peptide hond has been taken
as 4 (Dill, 1985; 1987). Therefore, from equation number AS,, = 1191 cal mol'K",
i.e. approximately 3 times the experimentally determined AS.

Further evidence of incomplete unfoldmg due to aggregation les in the results
of the UV-melting expenment. The increase in absorbance was attribufed to the exposure
of buried tyrosize, tryptophan and phenylalanine residues. However, unfolding the
' protéin in the presence of urea resulted in no discernible increase in absorbance. Neither
 has it been reported. to occur with only a small increase in absorbance expected unon
unfolding at 292 nm (Schmid, 1990). In addition, numerous techniques which are used
to determine the concentration of a protein make nse of its absorbance at 280 nm (Layne, a
1957; Perkins, 1986). Nonie of these techniques requires the denaturation of the protein.
Therefore, it would seem that the massive .crease in absorbance at 280 1m is _
attributable to aggregation of the protein. If this is so, then interestingly enough, the .
aggregation begins with the onses of the transition in Figure 4,14. Thereby implying that
 the protein is already aggregating at that early stage of the transition, thus explai_ning the
fow AC, values derived from the DSC where conditions are identical. “The results of the
 UV-melting, nevertheless appear to provide excellent ev1denoe for two state unfoldmg

uging aggregation as a probe. ' C
Several mechanisms have been sugguted for the irreversible denaturation of'
. proteins (Klibanov and Ahern, 1987). They may be classified into; firstly, covalent
processes, such as peptide bond hydrolysis adjacent to aspartic acid residues, dest:uétiun
of disulphide bonds, or deamination of asparagine or glutemine residues, aud secondly,
conformational processes, such as protein aggregation or the formation of incorrectly
folded structures. Because these incorrectly folded structures may sometimes be
recovered (e. g by incubation at room temperature or through denaulration (eg. urea) and
then redileting ont the denamﬁnt}, they are sometimes referred to as pseudo-meversible
(Freu‘e, 1990), but for the analysm of the DSC data, or other thermal studies, these
con_fprmatlonal transitions are regarded 25 being irreversible.
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" 4.3.5 DSC in the presence of PZQ

A comparison of both the native and PZQ bound Sj26GST (15 uM S$j26GST
incubated overnight with 150 xM PZQ) thermograms are shown in Figure'4.18, No .
changes in either the T, or shape of the curves was. discerm‘ble in the ligandeound
_protein ‘This datz is in agreement with the urea-induced denaturation of Sj26GST in the

presence of PZQ, where no change in the stablhty was detect.d when compared to that o

- ofthe llgaud-free protem (Further discussion of thils section it included in the addendtem on page 158)
‘4.4 CRITERIA FOR TWO-STATE UNFOLDING

Both solvent and thermal-induced unfoldmg of SjZGGST has been found to occur

ina two-smte manner. Vanous models have been revxcwed which address the basis and . -

criteria for the two-state cooperativity of protein folding (Chan ef al., 1995) I with
reference to this review that some of the cxperlments in this thesis are addressed

Since the 1950's, fhree main models have been proposed to account for the
two-state cooperativity of protein folding. g

-Model 1. "Helix-coil theory", (Schellman, 1958; Zimm and Rragg 1959, Poland
and Scheraga, 1970) which is due to the local interactions among near nelghbom:s in the .
sequence, The helix-coil cooperativity has been dismissed as being the principal basis for
the unfolding/refolding of globular proteins becawse it is ot two-state (Chan ef al.,

1995). The forces involved are weak, and it is also not able to accouns for the proteins = -

with 8-sheets. In addition, no evidence exists that helix formation precedes thé fonnation
of a hydrophobic core in the folding pathway of proteins. : .
Model 2. The "sidechain packing model" of Shakhnov;ch and kaelstzm (1989)
has attributed cooperativity to the jigsaw-puzzle-like complementary fits of side chains.
This model has also been criticised (Chan &t al., 1995), as not being the basis of folding
cooperativity since exact models (Dill, 1995) give 10 evidence that sidechain freezing is
‘two-state. The side chain complementarities in protems are also generally weak.
Furthermore, the molten globule model predu_:ted by this model iz more native-like than
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" Figure 4,18, DSC curves for Sj26GST in the presence and absence of PZQ. identical
concentrations of protein (15 xM) were scanned in the presence or absenée of 150_ M
PZQ. No changes in the shape of the curves was discernible. The T,, values, while
*identical, were Ioweted by 3.5 °C when both samples contained DMSO which had been
vsed to solubxhse the PZQ
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that indicated by experiments (Chan et al., 1995).

Model 3. In the "hydrophobic core collapse" model, cooperativity is due to the .

assembly of non-polar residues into a core. Exact model studies have indicated that this
model provides two-state behaviour for some sequences of hydrophobic and polar
monomess (Dill, 1995). The model iz based on SI:rdng forces, and considerable
experimental evidence exists for the kinetics predicted by the model. Inclnded in the

model i3 the formation of hydrophobic clusters and cores, which are concurrent with -
seeondary structure formation. Finally, it predicts compact denatured states with sizes -

and degrees of disorder which are in agreement with expernnents. '

_ Protein unfolding/refolding for small single-domain prote’3s is lmown to mvolve
two—state transitions (Lumry et al., 1966, Privalov, 1979) These two-state transitions are
dependent on cooperativity. The cooperativity is best .desc_ribed by Figure 4.19 which
shovi"s a cobperative process in_which a system: gradually.changes- from state Ato Bas
a function of temperature or denaturant, Figure 4.19 b, ¢ .show's the experimental '
signature of a oooper_f_itive process, ie. a sigmoidal curve. Cooperativity may however be

of two different types: two-state (first order, ie. there are two minima in free epergy. that

are separated by a free energy'ban'ier) or one-state (higher order, ie. when the free
energy surface has only a single minimum and no barrier). Neither the observation of a

sigmoidal curve (Figures 4,5 & 4.8); nor the observation of a peak of heat absorption

by DSC (Figure 4.15; 4.16; 4.18), can distinguish a two-state from a one-state

cooperative transition (Chan et al., 1995). The definitive way of experimentally
- differentiating between these two types of iransitions is by an analysis of the populations.
‘At the midpoint of a two-state transition, two identifieble states will be populated. In
conirast, one-state behaviour is defined by a single broad population pesk at the -
midpoint, Whethier the cooperativity of a process is one-state or two-state does nat
. necessarily depend on the sieepness of its sigmoidal curve (Figures 4.5 and 4.8), The m-
value ulso serves as no criterion since the curves from exact model studies indicate that
the steepness in a one-state processes can be s large s those in two-state processes.
Importantly therefore, cooperativity depends on a molecular property which is much
 harder to measure: i.e. the distribution of the underlying populations.
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Figure 4,19, Models of cooperativity. Two states, .4 and B, such as native and denatured -
states, can change populations with an increasing denaturant concentration. (a) Gradual

change, no coopemivity; {b) C00p¢rativé transition of the one-state type, {c) Cooperative

transition of the two-state type. Both ome-statc and two-state can have sigmoidal _
. behaviour and absorption (a peak in the C, plot);. they cannot be 'distinguished on these .

bases, or from the steepness of the sigmoidal curve. The main distinction is whether
~ there is a broad peak inyolving high populations of "inte_rmediates“ nearthc dénaturan_t o
- midpoint (one-state) or whether there are two populated staxeé and less intermediate _'
populatiori (small plots at the bottom of (b) and (¢} (froin Chan ef al.,1995).
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Discriminating between the two forms of cooperativity from each other would
therefore provide fundamental information regarding the free energy surface, and the
underlying molecular mechanism of the cooperative prncess

 Various methods may be used to experimentally determme two-state behaviour:
L ‘The most definitive method is the determination of two distinct species or *
populatlons near the -~idpoint of the transition. In the case of slowly c.hangmg sysnams
this may be done by transport methods (Cann, 1970) such as SEC-HPLC (Uversky, -
1993, Figure 4.12), or gel electraphoresis (4.10 and 4.13B). '

2. Spectroscopic slgnal changes through the denaturation midpoint, which can be
modeﬂed to be linear combinations of the signals from the two limiting states and

indicating two-state behaviour, If the spectroscopic signal near the denaturauon lmdpomt o

rannot be fitied as a simple lmear combination of the two Hmiting state signals, it
provides evldence of one-state bebaviour. In this case a sxgmﬁcant population of
"interinediate” molecnles may have dlfferent ‘spectral mgnatures and may contribute to
the total signal. '
3. 'The ratio of the calormlemca]ly determined enthalpy (determmed dlI‘GCtIY via .
" experimercation aud independent of a pre-supposed model) to tuat of the van’t Hoff
enthalpy (determined by a pre-suppossd model), provides additional sviderice for
two-state behaviour (Privalov, 1979, analov and Gill, 1988), see Table 4.3, '
4, A less definitive measure of two-state behaviour is the coincidence of sigmoidal
_ ‘eurves when different probes are used, see Figure 4.5 (Dill and Shertle, 1991). _
 Both points 3 and 4 are based on the assumption thiat both the native and denatured states
are specific. As poinied out earfier section 1.3), fie denatured state is considerably more
complex. With due cons:derauon of the factors refefred to it would appear as though the
- -unfolding/refolding pathway of Sj26GST is indeed two-state,
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4.5 CONCLUSIONS

The pGEX gene fusion system which expresses 2 fully functional Sj26GST is -
regarded as one of the four most pdpular systems currently in use (La Vallie and McCoy,
1995), Much of the dynamic behaviour and widespread use of this protein can be
explained in terms of the structure-function studies of this thesis. _

" The tendency of Sj26GST to reversibly aggre,ate (Abeliovich and Shlomai, 1995)
' has been at_tributed-to ‘the exposed cysteine residues. The Iocaliséﬁon'of the cysteines,
away from the active site, does not inhibit enzyme fonction and consequently a high
specific activity is not indicative of unaggrepated enzyme, When dealing with fusion
proteins attached to Sj26GST, puﬁﬁ#aﬁon and storage unde: reducing conditions is

imperative as this impedes aggregate formation which has been shown to interfere with

' the proteolytxc cleaveage of some fu. ums. from the SJZGuST 1ag (Abehovxch and '
Shloma1 1995),
As in the case of all dunenc protems and other GSTs (Dirr and Reinemer, 1991;
 Exhardt and Dirr, 1995; Sluis-Cremer and Dirr, 1095), $j26GST has an nrusually high
conformational stability. Folded Sj26GST monomess are thermodynamically unstable and
consequently dimerisation is critical o the protein’s stability. However, binding of the -
anuschmtosomal drug and non-gubstrate ligand, PZQ at the subunit mterface does not
affect the enzyme’s activity, stahmty, or its unfolding pathway. Neither does the binding
of the physiological substrate GSI-I or PZQ induce any conformational changes in the
protein’s structure (Lim et al., 1994; McTigue et _al.; 1995). These small ligand-induced
changes are in support of microconformational changes being introduced by ligand
" binding (Bico, et al., 1995), and in contrast to the major structural chauges as suggested
by others (Li and Islnbashz 1990 lehlhﬂ‘a, et al., 1992; Nishibira et al., 1993}, While
the binding of G-site ligands has been reported to destabilise some GSTs {Erhardt and
Dirr, 1996, W. Parsons, unpublished results), the stability of bmdmg other nnn—suhst_rate
ligands does ot seerh to have been affected in ofer GST classes (R.Ohlmeyer,
" unpublished rwults) Thus implymg that the non-substrate binding site, whether occnpned
ot vacant, of szﬁGST as well as some other GST classes (alpha p'D does not impact on
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the stability of the protein. Neither does the ocoupation of the site tesult in a different

unfolding pathway Yor the protein. Thereby facilitating the ummmupted catalyuc -
~ function of the enzyme by its non-substrate Ygand binding region.

The instability of the folded monomers causes the protein to unfold/refold i in 2
highly cooperative two-state manner, The advantage of this high cooperativity is that
effectively every residue “feels" the stabllity of the enmtire protein {Karplus and
Shaknnovick, 1992). This cooperativity bas also been regarded as affording protection
to the protein (Pritsyn, 1995b), as it would unfold before the rapid motions of the atoms

* at high temperatures, and in close proxmuty with each other, could induce any permanent

structural damage. Despite this high coweratmty thermat denaturatmn of 8j26GST was |

drreversible with the low AC; and. AS valnes implying that thermal dematuration is

incomplete. The early onset of aggregatwn as seen in the UV-meltmg expenment

provides an answer ta the incomplete unfoldmg of the protein.

In protein fold.mg studies a domain is defined as being an mclependent foIdmg unit
(Privalov, 1982), and therefore, multi-domain proteing are expecied to un_fold!refol_d in

a npﬁ_ two-state pathway. All GSTs are described as comprising two domains, however

in light of the two-state unfolding/refolding pathway of this study this nomenclaﬁu"e,' _
‘while assisting i the topnlogmal description of the protein, is not true. _ Furthermore,
an algorithm deslgued to identify domains via a number of different cntena (Siddiqui and
Barton, 1995) identifies the mu GST (PDB accession code 1GST) as comprising only one
domain per subunit. Nmther folded domains of S_,26GS’I‘ (W, Parsons, unpubllshed

results), or that of folded monomers (Erhardt and Dirr, 1995 and this stedy) have been -
* found to exist. The large number of both inter-domain and subumt—subumt mteractlons
-appears to be the undrrlying cause for this phenomenon
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APPENDICES
APPENDIX A: FILE’ TRANSFER PROTOCOL (FTP}

FTP is a method of accessmg remote computer systems and downloading their
files. The advent of modern internet browsers such as fhe Netscapc Navigator or
" Windows Explorer enable one to visit mumerons home pages which provide an FTP
facility, making the procedure easier than ever before. Occaszonally, FTP smes are 1ot
. accessible via internet browsers or becanse of congestion they may take too lom, te
_ _download files. Inthese instances onemayuseanonymousﬁ‘p descnbedmtms
_ appem

FTP serwcesrunnmgoffaUNIXplarEorm In order to download a file from a rec... i& |

To use FTP, bothendsofaconnectmnmustbemnmngapmgramrhat Les

system,youmnststa:tyourFTP_suﬂwareandmsu:uctxttﬂcomectmthe_FIP software L

running the remote machine, Usnally wken you connect to a remote system you paust lpg .
in. This means that you rmust be a valid user, with 2 usernaie andpassword forthat '_
- remote machine. Because it is impossible to provide logiis for everyone who wants. '
" accessto a pubhc archive, such as the Protein Data Bank, many systems use anonymous
The fo]lowing procedure may then be followed for downloadih'g t_he file
~ pdblgae.ent from the PDB. All words in bold ate to be entered by the user who should
then press the return Xey. ' -

| ftp> opam
- To; pdb.pdb, b'ﬁl gOV.
Usemanie: anonymous :
‘Guest Jogin ok, type your name as password .
 Password: (enter your e-mail address which will not appear on the sereen)
ﬂ:p> ed fullrelease
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250 CWD commsnd successful

fip> cd uncompressed files

250 CWD command suceessful

fip> cdgn(thetwolettf‘xsprecedmgthe entdenoteﬂledlrectorythatnheﬁlem m)

fip> dir -
TW-I- -f- - 3100t sys 182817 Dec 7 1994 pdbigne.em
226 Transfer complete - o -

fip> bin (chenges the format of the file o a binary code)
200 Type set to I {conformation of binary code selection)
fp>hash
~ Hash mark printing on (1024 bytes/ hash mark) _ o
 fip> led az (local current directory set to a; i.e. where the file will be saved) :
ftp> get pdbigne.ent | B

Asmemfomanononmeﬁle-smweanamedmemmbmofhashmmkmgs(#}“'

increase until the message _ :
" fip>transfer complete and the pumber of bytes transfecred is dls,;hyed. You should
. establish whether the number of bytes transfeved is EXm.;Y the same ag that in the file
(182817 bytes in this instance),- ' -
ftp> quit (termmates contact with the remote server)
271 Goodbye _
The downloaded file is now available in the directory you selected.

 Some commonly used UNIX camds' which mey be beneficial _ére as fullows:

pwd  print working directory wilk display the directory you are currently in.

dir dlsplays the d:rectones avallable the first column may have the folIOng
* appearance: '

drxwXrwxIwx

e | | |

Ouly the npper string of letters is a directory and is identified as such since it begins with
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~ the. letter d.

‘ed  change dlrectory, include a space and type the new drrectory name.
ed.. in the event of you wanting move upwards in the directory tree
Note: UNIX is case sensiﬁve ﬁu that e.g. cd is not the same as CD,

:APPENDIX B: GENERATION OF A SECOND MONOMER TO FORM A
DILIERIC PROTEIN

Most ofths GST coordinates which have been released to date have been supplied
in the dimeric form. The reason for this is that the asymmetnc units mthe unit cells of
the crystals were dimeric. The eluculation of the Sj26GST structures as ‘well as that of
the squid enzymes (IGSQ and -2GSQ) have resulted in only a ¥inglé monpmer being -
present in the respective asymmetric units, As a result the sccond monomer needed to
be generated using the matrix supplied in the heading of the coordinate file,

Ty procedure involved in generatmg the second subunit is essenna]ly very

: sxmple firye , it inyolves a rotation i.e. the positioning of the new monomer imo its .

correct orieniation, and secondly, the translation of the correctly oriented monomer into _
its new position, | o -
_ Two types of ¢oordinates exist: : _
1 Practional coordinates are allocated positions which are expressed as fractlons of -
the unit cell with the minimum value being zero and the maxitum value unity,

2 Orthogonal coordinates designate actaal physical positions of the atoms,
Accordingly they can be used to measure distances between individual atoms which may |
e expressed int a unit of length (usually A) As a result all coordinate ﬁles are given in
orthogonal coordinates. _ '
_ Carrying out the matrix transformation cur'rently -involves one of either two
ine'thbds:_' o o _ T

Method 1 This methodl is easier in that the matrix facilitates the generation: of the
new coordinates directty from the orthogonal codrdinates withour having to use any

'131_'



fractional coordinates at all.

- Method 2 The orthogonal coordinates need to be converted intp fractional coordinates _
before the transformation is carried out. Havmg carried out the transformanon, the = -
mverso matrix of the transformed fractional coordinates is calculated which then results
in the desired orthogonal coordmates '

_ Both these_ methods require that the coordinate files be opened in a ward

processing file by convertinig the format from an ASCII text. Once the matrix has been
identified in the REMARKS section of the file (the matrix of pdblgne ent is shown
below), '

SCALEL  0.010555 0.000000 0.000000  0.00000 IGNE igz

© SCALE2 . 0.000000 0.010555 0.000000  -0.00000  IGNE 183

SCALE3  0.000000 0.000000.0.017203 . 0.30000 - 1GNE 184

‘the coordinates should be inspected in order to ascemmlthat the columns are conunuous
In the event of there being a break in the columus due to an overflow of the line,
. selecting a landscape format for the page should rectify the sitvation. The entire remarks
* section should niow be deleted 5o that atosn 1 appears af the top of the fils, With the
exception of the x, y and z coordinatos, all other columns as well as the connoctmty
mstructions 2t the bottom of the file should be delotod as well, In Word Perfect 5.1
column. deletion is easily accomplished by selecting the Edit - Select - - Rectangle
command, The file is now saved in an ASCIT’ tcxt format ready for Jmportatlon into a
spread-sheet programme = °h as Sigma Plot. :

The default setting for tho importation of the file into Slgma Plot (versxon 5.0,
Jandel Sclennfic) is ‘correct, aud cnce the file is opened it should be inspected for
cootmmty of the columms. Any dl_scontmmty in the columns can almost certainly be
attributed to not having saved or opened the file in an ASCH format and the piocr
should _bo_ropeatod__. . ' _ S
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When orthogonal coordinates are used to directly generate the new orthogonal
coondinates (orthogonal orthogonal) then one may proceed according to the method 1aid
down below:

Orthogenal-Orthogonal

r=(a,bc o)(zy)-=xa+yb'-i_-zc

In the case of 2GSQ, the supplied matrix is as folluws:'

0499960  0.86605  -0,000020  -0.00072 .
0.866050  0.499960°  -0.000040 - "-0.00040 -
-0.000020 ~0.ooo'030 -1.0000 | 000168

Fromthmmamxthenewcoormnatesx,, Ymandzzaregeneratedfmmtheongmal- o

coordinates x,, ¥, and z, as follows: :
%= (%, (0.499960) + ¥, (0.866050) + z; (-0.000020)) -+ (-0.00072))
¥, = (% (0.866050) + v, (0.499960) + z, (-0.000040)) + (-0.00040))
2y = (%, (-0 500020) + y,(-0.00003) + 2, (-1) 4 (0,00168))
The new coordmates are then exported in an ASCII format for nnportan:m by the word
processor '
Open the onginal coordinates of the file in the word processor. Move the

. CONNECT section at the bottom of the file a few spaces down, and then copy ﬂlldpaste S

the entire set of coordinates (atom 1 to the Iast hetero atom of subunit A) in the space
created by the displaced CONNECT section. Cut and delete the orzgmal set of
coordinates in what is now subunit B. Place the corsor below the word "END" i.e. the
very last word of the file and import the new coordinates fzom the spread-sheet, Cait the
new coordinates and paste them into their coinciding posmons in subunit B. Ensure that
the coordinate and atom numbets coincide by moving to the bottom of the file and then
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shifting the CONNECT section upto the Iast BETERO atom. The file should now be
- saved and the result viewed.

Orthogonal-Fractional-Orthogonal

The second method is cartied out using the same principle, only that once the
fractional coordinates are generated by the matrix function, they are then adjusted
according to the defsils supplied with the matrix. In order to refurn to fractional
coordinater: the inverse matrix is used. The programme Matlab (Mamx Laboratones).
'_ provides a very easy means of carrying out this procedure. Imporlm:tly, Matlab reqmres

a semicolon () efter each z coorclmate Upon exporting from Sigma Plot the facility
- exists to insext the semcolon It therefore is easxer to go the worcl processor-smma Plot-
Matiab route in order to carry out the transformation. '
Different:aung between the two types ¢ .ransformanons is easzly camed outby .
-mspccﬁnn of the matrix itself; the end xesult of the conversion of Orthog(mal to fractional
_.coordmaﬁes will have values ranging between 0 and 1. On the other hand, the conversion .
of orthogonal to orthngonal coordinates involve matrmes where the numbers are
considerably larger, as can be seen by comparmg thw matrices of 2GSQ (methud 1) auﬂ
 1GNE (method 2).
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ADDENDUM

One of the reviewers (Ken Neet) was "greatly surprised” that the binding of PZQ did

not influence the stability of the GST (sections 4.2.4 and 4.3.5). The fact that thereare -
essentially the same number of interactions in both the uncomplexed and PZQ-bownd
dimer would seem to imply that this situation would lower the affinity of PZQ for the

GST, or n:ught possibly mean that the PZQ would bind equally to dimer and "native"

monomer. Since PZQ canpot bind the unfolded monomer, the hgand would be '

expected to effect the aéparant stability of the GST by simbly shifting the equilibrium
towards the native dimer, Alteratively, destabilisation-of the protein could occur by

- shifting to an mterme,diﬁte which is more easily destabilised. Finally, precedents of

| ~ bound ligands not stabilising a protein towards denaturation were requested.

With respect to these comments iwo possibilities exist: firstly, the unfolding pathway

would be altered as h'as. been showﬁ for other GST classes in the presence of G-site _

ligands (see eg, Erhardt and Dirr, 1996), and secondly, the unfolding pathway would
remain unaliered. From Figure 4.8 and 4,18 the first possibility may be ruled out. The

second_'pussibility should then result in 2 shift in the C,, value (with constant #-value) o

of Figure 4.8 and be similar to that observed for protein concentraﬁon dependence of
Figure 4.5 (insert), or alternatively result in a shift in the T,, value of Figute 4.18
similar to that found in Figure 4.15, The identical PZQ-bound and unbound Sj26GST

unfolding curves of Figures 4.8 and 4.18 elirinates this option as well, This shsence

of change in either the unfolding pathway (m-value for Figuire 4.8 and AH,,, for Figure
4.18) or midpoint of unfolding (C,, or T, would seem to imply that, upon ligand

binding, no change in the protein-solvent intetactions ate occurring which affect either

the protein’s stability or its unfolding pathway. An overlay of the PZG-bound and
unbound §j26GST, as shown in Flgure 4.9, indicates no conformational changes of the
 protein upon ligand binding. While the number of coutacts between the two subunits

of Sj26GST are redaced from 23 to 19 upon binding PZQ, it would congequently -

appear that the disruption of these contacts are not critical to the protem’s stablhty or
unfoldmg pathway. :

‘Regarding other examples of bound ligands not Stﬂbili.s_ing a protein to
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denaturation, PZQ and ANS are known to bind both class alpha and pi GSTs,
~ however, DSC studies of these proteins in the presence and absence of both these
ligands have hot affected the DSC thermograms. Solvent-induced denatwration studies _
of class pi GST in the pressnce of other non-substrate ligands have also had o real
affect upon fhg .un'foldin'g pathway of this enzyme (R. Ohlmeyer, unpublished results). |
- Therefore, irrespective of whether the non-substrate ligand binding site is _'occulﬁied or
vacant, neither the unfolding/refolding pathway or the stability of Sj26GST and many
other GST classes is affected by the presence or absence of non-substrate ligands. '
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