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ABSTRACT

A glutathione S-transferase (Sj26GST) from Schistosoma japonicum, which functions in

the parasite's Phase II detoxification pathway, is expressed by the Pharmacia pGEX-2T

plasmid and is widely used as 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

purification of the homodimeric protein under nonreducing conditions results in the

reversible for-ration of significant amounts of 160 -kDa and larger aggregates without

a loss in catalytic activity. The basis for oxidative aggregation can be ascribed to the high

degree of exposure of the four cysteine residues per subunit. The conformational stability

of the dimeric protein was studied by urea- and temperature-induced unfolding

techniques. Fluorescence-spectroscopy, SEC-HPLC, urea- and temperature-gradient gel

electrophoresis, ultraviolet melting, differential scanning micro calorimetry , and enzyme

activity were employed to monitor structural and functional changes. The unfolding data

indicate the absence of thermodynamically stable intermediates and that the

umolding/refolding transition is a 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 ~GO(H20) = 26 ±1.7 kcal/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 p,M. The strong relationship observed between

the m-v,llue and the size of the protein indicates that the amount of protem. surface

exposed to solvent upon unfolding is the major structural de.erminant for the dependence

of the protein's free energy of unfolding on urea concentration. 'Ihermograms obtained

by differential scanning calorimetry also fitted to a two-state irreversible unfolding

transition, both in the presence and absence of Praziquantel, with values of ~Cp = 1779

cal mol-IK-I, ~HcaI = 227 kcal/mol, AHVH ::::::233 kcal/mol (r ::::::~HVH IAlIcal = 1.02)

and AS = 354 cal mol''K". The low ~Cp and ~S, when compared with the theoretically

determined values, implied that the thermal denaturation of Sj26GST did not result in

complete unfolding of the protein,
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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 Anfinson, 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

determined by its amino acid sequence. What though did this three-dimensional structure

look like? At that stage no structure of a protein was known. Proteins however, . lad been

crystallised (Bernal and Crowfoot, 1934 inPerutz, 1992). The very fact that they could

be crystallised, implied that each individual protein molecule within the crystal had

assumed the same unique. three-dimensional conformation as all its neighbours.

On 8 March 1958, the British journal Nature published the first three-dimensional

structure of a protein (Kendrew, et al., 1958). The protein was myoglobin, and in the

article the authors noted: "perhaps the most remarkable feature of the molecule are its
complexity and ts lack of symmetry. The arrangement seems to be almost totally lacking
in the kind of regularities 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 structure was in contrast to the

proposed model of DNA by Watson and Crick (1953) which, being highly symmetrical

and periodic made its method of replication self evident, leading the authors to comment:

"It has not escaped our notice that the specific pairing we have postulated immediately
suggests a possible copyu.g mechanism for the genetic material" (Watson ru...1Crick,

1953).

FOREWORD

"structure, definite organised structure, becomes the essential characteristic of the
physical universe, and this structural character accounts for many hitherto inexplicable
phenomena" (Smuts, 1926).

Close inspection of myoglobin provided no such structure-fir ~tion detail. The

elucidation of the second protein structure, that of haemoglobin (Perutz, et al., 1960) was

once again to be disappointing in terms of explaining the protein's function. At the time
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Perutz commented that "little can be said as yet about tile relation between structure and

function" ~Per'.ltz, et al., 1960).

Frr"n th~.Je exciting, yet humble beginnings the field of structural biology would

develop to tllP. stage where protein structures could be exploited for medical purposes

(Riechmaan, et al.; 1988) and ligand binding sites on proteins would become predictable

(Laskowski et al., 1996).

Having access to detailed . protein structures (Kendrew et al., 1958; Perutz et al. ,

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

were the rules which had dictated the assumption of this unique confcmation?

The challenge of learning these rules was then taken up by researchers in a

diverse range of fields, in their quest to solve what was to become known as the "protein

folding problem".

To date (ll'id 1997), the protein folding problem has not yielded. Great strides

have however been made, and it is my hope that this study of a protein's

structure-function relationship, and its dynamics of folding and unfolding, will in some

small way contribute to a greater understanding of tIle protein folding problem. The

protein under investigation is a glutathione S-transferase (GST), specifically the 26 kDa

GST from Schistosoma japonicum,
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CHAPTER 1 PROTEIN FOLDING AND STABILITY

1.1 INTRODUCTION

The protein folding problem has attracted researchers from all fields of science to its

ranks (Karplus and Shakhnovich, 1992). As in many scientific fields the motivation for

wanting to solve the problem varies from a rather simple desire to know how it is that

a protein folds into its unique three-dimensional form, to those who desire to apply the

new technology. What though are the possible applications?

In the last few years the human genome project has received. enormous backing

and the project is advancing rapidly. Once the e: ' "'genome is mapped, i.e. every gene

on all the chromosomes in a human cell identifieu, .. diverse range of genetic applications

are expected to follow. Importantly though, it is the protein which is coded for by each

gene which ultimately results in either the correct or deficient manifestation of the genetic

code. In order to carry out structure-function studies, it is therefore of far greater

importance to have the three-dimensional structure of the protein rather than just the

sequence of nucleotides which code for it. At present (mid 1997) just over 4000

structures have been deposited in the Protein Data Bank (PDB) (Bernstein, 1977). Many

of these structures are variants of a similar structure, either falling within the same

family of proteins or alternatively having merely had specific residues mutated. In excess

of 50 000 proteins 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

specific addition or elimination of individual atoms to the substrate. Enzymes have

therefore been recognised as being the smallest machines in existence. It is therefore

hoped that by exploiting the rules used to solve the protein folding problem the field of

nanotechnol 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 bullding of nano-sized robots. In turn these

18



nano-robots could then find potential uses in environments as diverse as a living cell to

outer space (Stix, 1996).

The purpose of this chapter is firstly, to present some of the ideas about protein

folding; from the very first 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 reasons discussed on why a protein's conformational stability is of

interest to solving the folding problem. The nature of denaturation, and the states which

may occur along the unfolding pathway are described. Since the differences between

these states are due to the existence or absence of non-covalent interactions, the next

section discusses the forces which result from these interactions. Finally some of the

current experimental and theoretical methods used either for determining the protein's

unfolding/refolding pathway, or its conformational stability are discussed.

1.1.1 Historical Development

In vivo proteins are manufactured on the ribosome where the nascent polypeptide

chain folds into its final three-dimensional structure. In the 1950s it was assumed that

accessor; factors as well as the unfolded polypeptide chain were required for the correct

folding of a protein (Baldwin and Eisenberg, 1987). In the case of a

disulphide-containing protein, these factors were assumed to be essential for the correct

formation of disulphide bonds between the specific cysteine residues. The reasoning was

that most disulphide-containing proteins are found to unfold completely when their S-S

bonds are reduced by a thiol, A given sulfhydryl (-SH) group in an unfolded polypeptide

chain comprising 6-SH groups WOUld,upon oxidation, be able to react with any of the

other 5-SH groups. Any of the remaining 4-SH groups could then react with any of the

last 3-SH groups etc. resulting in the following combination: 5 x 3 x 1, I.e. 15 possible

S-S bonds. In order to ensure that only the correct disulphide bonds were formed, would

require the positioning of the -SH groups through folding. The problem though is that

the folded structure is not stable unless the S-S bonds are in-tact. In order to solve this

19



dilemma, one needs to turn to the experiments of Anfinsen (Anfinsen et al., 1961).

1.1.2 Anfinsen's Experiment and the Thermodynamic Hypothesis

Until Anfinsen's experiments it was known that ribonuclease A (RNase A),

contains 4 S-S bonds and undergoes a reversible unfolding/refolding reaction when the

S-S bonds are left intact. Upon reduction of these disulphide bonds, the unfolding of

RNase A is found to be complete, with reoxidation of tl protein resulting in the

formation of incorrectly formed S-S bonds (Baldwin and Eisenberg, 1987).

Anfinsen was able to show that it was possible to correctly pair S-S bonds when both a

small amount of reducing and oxidising agent were simultaneously added to the protein.

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

reformed them. This random reformation of S-S bonds resulted in a reshuffling of the

disulphides. Upon the formation of the correct disulphide, the protein was able to fold

thus burying the S-S bonds. Since these disulphides were no longer accessible to the

reducing agent any further reshuffling was prevented from occurring.

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

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

reaction may even be carried out by the protein itself, where the -sa groups of cysteine

residues attack S-S bonds in the same protein molecule via a disulphide interchange

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

folding, and more recently other chaperons have been identified which aid only in the

rate of refolding (provided the chaperon is a true catalyst), (see Dill, 1990; Freedman,

1992 and the references within). It was therefore suggested that no accessory factors are

involved in folding, rather the information needed for the correct folding of a protein is

contained entirely in its amino acid sequence (for a review see Baldwin and Eisenberg,

1987). The S-S bonds themselves are regarded only as fasteners for reinforcing the

correctly folded structure.

The fact that ribonuclease and indeed many other proteins 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 number of different conformations of nearly equal free

energy (Dill, 1987). Thus refolding must begin from this enormous number of initial

conformations of the different molecules in solution, along very many folding pathways,

which are thought to more closely resemble funnels than tunnels in configurational space

(see e.g. Mimy et al., 1996). Yet the end result of refolding is the convergence to the

same native structure. This represents the state of the lowest free energy (Dill, 1987),

implying therefore that the native structure is thermodynamically stahle. Proof of

thermodynamic stability would therefore only require that the native structure 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 global minimum of free energy relative to all

other states accessible on that time scale (Dill, 1990). Hence the interest in attempting

to predict global energy minima for proteins (see e.g. Scheraga, 1996), and the need to

determine the conformational stability of a protein.

1.1.3 Two-State Folding and the Levinthal Paradox

Early studies suggested that the denaturation of a globular proteins is an

all-or-nothing process. Just as in a phase transition which a liquid undergoes to form a

gas, and the transition comprises only molecules in either the liquid or gas phase, so too

in the transition region of a protein'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 protein's unfolding pathway would be so sparsely populated that they

are not measurable. The first evidence to support this view was the coincidence of

denaturation curves measured using different techniques (Lumry et 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 a

single domain protein would denature without any Visibleintermediate slates (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 (iP and 'lr), and three possible

conformations about each rotable bond, there would be 3200 possible conformations of the

backbone. By assuming that bond rotation occurs at a rate of 1013sec", then the time t

required to sample each polypeptide conformation is t = 32n/(2n X 1013) = 1.3 x1080 sec,

or 4 x 1072 years (Wetlaufer, 1973).

This calculation has been criticised (Dill, 1987) as it ignores the excluded volume

of the chain and also assumes the conformations will be explored randomly as the

molecule tends towards its native structure (Dill, 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 argwnent 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 calculation therefore prompted the argwnent that folding was in fact

kinetically controlled because the time scale of folding does not allow for the search

through all possible conformations. As a result there would be no guarantee 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 Versus the Kinetic Hypotheses

The two hypotheses, i.e. the thermodynamic hypothesis which stemmed from the

work of Anfinsen (1973) and the kinetic hypothesis which arose from the calculations of

Levinthal (1968) have led to two schools of thought as to what dictates the folding

process. The first view attribut thermodynamic stability as determining the

conformation of the folded protein .. A con; -ouence of this assumption would then be that

the kinetic pathway of folding would reo .tit t2 the most stable product. Using a process
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of energy minimisation it should in principle be possible to predict the structure of the

folded protein from its amino 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 assumption of '" three-dimensional structure dictated by the

rate at which it was achieved, without necessarily being the thermodynamically most

stable structure (see Fersht, 1995). A result of the kinetic approach to folding 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 schools of

thought. The mutation of residues which provide no stability to the folded protein, ye~

affect the folding pathway, provide support for the kinetic approach. On the other hand

if the thermodynamic view is correct then these mutations should have no effect.

At present, no evidence exists to reject the thermodynamic hypothes's (e. g. Dill,

1987; Scheraga, 1996), and that the native structure of a protein can be solely explained

by means of this hypothesis.

1.2 MEASUREMENT OF PROTEIN STABILITY

Interest in protein 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. Klibanov, 1983) or in environments traditionally regarded as being

hostile to native protein structure (Zaks and Klibanov, 1984). The second reason stems

from the thermodynamic approach to protein folding, where in order to understand how

a protein acquires its global energy minimum it is essential to understand how stability

is determined.

From the initial studies on protein unfolding, it was determined that proteins

unfold from their native three-dimensional conformation to that of the denatured state.

By assuming that this "denatured" state has no structure, it then becomes possible to

measure the free energy change for the entire folding reaction by determining the
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equilibrium constant K for the reaction, i.e. the ratio of the fraction of molecules which

are unfolded iu to the fraction of molecules which are in the native stare, l:fu, by

measuring K as a function of denaturant e.g. temperature, pH, or urea.

Proteins exhibiting a two-state unfolding pattern appear to unfold in a highly

co-operative sigmoidal curve. Initial work conducted on the energeti= -': unfolding

implied that the much less structured state, usually designated the "un..aaed state" or

"denatured state," is art ensemble of many poorly structured conformations that behave

as a single continuous distribution of microstates as described in Figure 1.1. From this

observation emerged the two-state approximation (Lumry et al., 1966). which allowed

the denaturati.on reaction to be formally described by a single equilibrium constant K.

Hence the stability of a protein to reversible denaturation may be assigned a unique

value, the free energy difference between the two states, denatured (D) state and the

native (N) state, i.e. aGD = GD - GN •

In order to carry out a conformational stability study of a protein, the first step

is the choice of denaturant and the conditions. The pH may be kept low in order to

prevent oxidation of the sulfhydryl groups, and to prevent any ionic effects, urea is used

as a denaturant in place of Gdn. Cl. The next step is determining the reversibility of

unfolding. This may be done by comparing the transition curves When one begins with

either a folded or unfolded protein. Alternatively the denaturant may be diluted out to a

fixed concentration, and the reversibility of the denaturation process compared to that of

a reference. In addition the time to reach equilibrium should also be ascertained.

Homogeneity, without the formation of any precipitate through aggregation should also

be ascertained. This is easily done by Raleigh scatter.

For most proteins however the denatured state is insoluble, and most of the

physical techniques available for characterising it (when in solution) are relatively

insensitive for detecting structure with a highly flexible dynamic character (Shortle,

1996). As a result of no contradictory evidence protein chemists accepted the assumption

that the denatured state is a featureless random coil-like structure (Shortle, 1996). The

advantage of this assumption is that it simplifies the interpretation of experimental data.
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N -E--.~ D

random coil

Figure 1.1. The reversible denaturation reaction: an equilibrium between the 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 = Go - GN• When the stability of a protein declines, the change in stability can

result from and Increase in GN (AG", > 0) or from a decrease in Go (AGo < 0), or a

combination of such effects (adapted from Shortle, 1996).
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By definition, a random coil is an energetically well-defined reference state in which no

side chain-side chain interactions occur (Shortie, 1996). Hence, the closer the denatured

state is to the random coil the larger is the role played by the energetics of the native

state. Effectively, the experimentally measured thermodynamic parameters reflect the

entire process of protein folding, with the sum total of interactions in the native state

supplying all the free energy needed to drive the formation of structure (Shortle, 1996).

1.3 DENATURA'fION AND THE DJFFER"ENT PROTEIN STATES

The two-state approximation implies the presence of only a native and unfolded

state separated by the denaturation process. In this section the process of denaturation and

the above mentioned two states are discussed.

1.3.1 Denaturation

Numerous denaturants are used to study the unfolding of proteins. These include

heat, cold, pressure, acid, alkali, or organic denaturants such as urea or Gdn. Cl. The

unfolding of a protein has been investigated by both computational and experimental

studies. Recently, the data has begun to converge (Schiffer and Dotsch, 1996) and while

numerous suggestions have been proposed as to the nature of denaturation it has been

suggested that the primary reason for protein unfolding is due to a disruption of the

balance of forces between a protein's interaction with itself and its environment. (Schiffer

and Dotsch, 1996). This disruption in the balance of forces is thought to he due to the

perturberance in the normal water structure around a protein, with the decrease in the

normal water-water interactions, resulting in an increase in the relative interaction of

water with protein, which in turn may initiate a protein'S unfolding.

In concentrated Gdn, CI and urea solutions, normal water structure no longer

exists (Collins and Washbaugh, 1985; Pace et al., 1;)92). The urea-water interaction is

weaker than that of the water-water interaction. This reduction in normal water-water

interactions disrupts the dynamic network of hydrogen bonds that exist in pure water.
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Since water molecules are not maximally involved in hydrogen bonding, they are now

£:hle to interact more strongly with solutes. If the solute is a protein, the water molecules

would now be able to compete for its internal hydrogen bonds, and by so doing initiate

protein unfolding.

Urea is known via NMR to interact directly with the aliphatic side chains of a

denatured protein (Dotsch et al., 1995 and the references therein), and has also been

deduced via computational means to interact with aromatic side chains (Duffy et al.,
1993). It is however thought that this direct interaction with the protein does not initiate

unfolding. Rather, urea and Gdn.Cl are thought to have a secondary role, Le, by binding

to the hydrophobic residues of the protein they aid in maintaining the solubility of the

Unfolded protein (Schiffer and Dotsch, 1996). This is in contrast to other chaotropes such

as sodium thiocyanate, where no direct protein-denaturant interaction occurs which

results in the precipitation of the protein (Schiffer and Dorsch, 1996).

Temperature is thought to promote denaturation of the protein by destabilising the

native state via its action on that state (Shortie, 1996). The thermal denaturation at higher

temperatures is attributable to the gain in conformational freedom of the chain being

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

Because of its large entropy, the denatured state decreases rapidly in free energy as the

temperature is raised (-T..6.S).Some proteins begin to denature when the temperature is

lowered to near O°C (Schellman, 1987). In this situation, it is the lower enthalpy of the

denatured state (formed by c1athrates around the exposed hydrophobic chains) 'which

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

1.3.2 Native State

The primary structure of a protein is defined as being the actual sequence of

amino acids which comprise its polypeptide chain. With few exceptions peptide 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 i[l (Ca-N bond) and 'l' (Co; - C bond), to three small regions in the

27



Ramachandran diagram. The diagram provides a graphic representation of the sterically

permitted and forbidden conformations, where the non-bonding interatomic distance is

either within (permitted) or less than (forbidden) van der Waals distances. Glycine

residues, not having C{3atoms are not constrained to these regions.

The protein's secondary structure is defined as the local conformation of its

backbone, the specific folding patterns which are identified by secondary structure

include: helices, pleated sheets and turns.

The a-helix whose conformation angles fall within the allowed regions of the

Ramachandran diagram, is held together by hydrogen bonds. The 310 helix, which is

more tightly coiled than that of the a-helix, lies in a mildly forbidden region of the

Ramachandran diagram. These helices occur less frequently, usually as a single turn

termination of a-helices.

{3~sheetsare found to occur both in parallel and in an antiparallel fashion. In both

these instances, the two or more fully extended polypeptide chains associate, forming

hydrogen bonds between. the neighbouring chains. These {3~sheetshave a right-handed

curl when viewed along their polypeptide chains. Frequently the chain reverses its

direction through a {3-bend.

Other arrangements of the polypeptide chain are more difficult to describe

but are no less ordered than the a: Of {3 structures found in the rest of the

protein.

The major secondary structure elements of a-helices and {3-sheets occur in most

globular proteins. The side chain location varies with polarity, the r onpolar residues

occur predominantly in the interior of a protein, out of contact with the aqueous solvent.

The charged polar residues are located on the protein surface, with the uncharged polar

groups located both in the interior of the protein as well as on its surface, The globular

proteins are compact, with crystal structures indicating the presence of little space inside,

so that water is largely excluded from the interior. The micelle like arrangement of the

side chains (polar groups outside, nonpolar groups inside) has led to the analogy been

drawn with oil droplets. The packing density of the internal regions of globular proteins

is however in the same range as molecular crystals of small organic -nolecules (Privalov,
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1995). Implying therefore that the interior of a protein is very efficiently packed. The

ability of hydrogen bond donors to find acceptors, is due to the fact that most hydrogen

bonding partners are on residues in very close sequence to each other. Thus explaining

why the majority of hydrogen 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 staggered torsion angles. Therefore, despite the profusion of

intramolecular interactions, the, interior side chains adopt relaxed conformations (Voet

and Voet, 1995).

1.3.2.1 Subunit interactions

The multiple polar and nonpolar groups in proteins make them notorious for

sticking 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 excess

of 100 kDa usually comprisemore than one subunit, where these subunits are found to

associate in a very specific manner. Several reasons have been proposed why

multisubunit proteins are so common. In structural proteins such as collagen fibers the

advantage of having the large protein comprising an assembly of identical subunits rather

than one large molecule is analogous to the use of prefabricated components in building

construction, where defective components may be replaced without the need for

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

edifice is merely translated froi. a single gene, or in the case of non-identical subunits,

from a few small genes of average size. In the case of enzymes, increasing the protein's

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 site, then increasing the size of

the enzyme via the associationof the two subunits results in greater efficiency, assuming

both active sites are accessible to the substrates simultaneously. A multisubunit protein

may consist of identical or non-identical polypeptide chains which associate via an

interface which closely resembles the interior of a single protein subunit. The contact

region contains closely packed nonpolar side chains, hydrogen bonds involving the

2Q



polypeptide backbones and their side chains. In the majority of oligomeric proteins (i.e.

proteins containing identical subunits) the subunits are symmetrically arranged, whereby

the subunits occupy geometrically equivalent positions ill the oligomer. This therefore

implies that each monomer has exhausted its capacity to. bind to other monomers;

otherwise higher oligomers would form. As a result of this limited binding capacity, the

individual monomers pack about a single point to form a closed shell. No mirror

symmetry can exist in proteins since this would require the naturally occurring L-amino

acids to be converted into Dsamino acids. Since D-amino acids do not occur naturally the

only type of symmetry occurring in proteins is that of rotational symmetry. Numerous

types of rotational symmetry occur in proteins, the most simple being that of cyclic

symmetry. Here the subunits are related by a Single axis of rotation. Proteins with a 2,

3, ... n-fold rotational axes are said to have ~, C3""Cn symmetry respectively. An

oligomer with ~ symmetry would therefore consist of 2 subunits that are related by 3600

12 = 180°.

1.3.3 The Denatured State

I
From the original work of Tanford (1968;1970) evidence began to mount that the

denatured state was not a random coil. In 6M Gdn.CI the hydrodynamic radii of a

number of small proteins agreed well with the theoretical estimates of the values of

random coils. In no way however can a random coil found in e.g. 6M urea emulate

conditions in vivo. Polypeptide chains swell and become less structured as solvent-side

chain interactions become more favourable (Uversky and Ptitsyn, 1994; Dill and Shortle,

1991). More recent experimentation using small-angle X-ray scattering has shown that

even in high concentrations of denaturant, significant amounts of residual structure may

still be present (Kataoka et al., 1993).

1.3.4 Intermediate States in Protein Folding

Since the rate of protein folding and the yield of a correctly folded conformation
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rules out the possibility that folding is a simple stochastic process (Levinthal,

1968;1969), the process has to be directed. Thereby implying that it moves through a

series of intermediate states with decreasing Gibbs free energies (Privalov, 1996). Due

to these states being largely unstable and short lived, they are very difficult to

characterise. Under certain conditions however, some proteins have been observed to

contain states which are neither native nor completely unfolded (Tanford, 1968; Ptitsyn,

1992). What however are these intermediates? Are they merely incorrectly folded

proteins trapped in a potential well or artifacts of folding? Alternatively, they may in fact

be true intermediates in the folding pathway comprising a global macroscopic state of the

whole protein. This would exclude a state in which only part of the molecule is folded,

which would rather be representative of an independently folding domain.

It has been suggested (e.g. Dill and Stigter, 1995; Privalov, 1996) that the folding

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 much slower (Privalov, 1996). The collapse of the chain, would result

in a significant reduction of the configurational phase space, dramatically limiting the

number of folding options, and therefore was thought to be able to solve Levinthal's

paradox (Ptitsyn, J.973; 1992; 1995a;b). As a result the hypothesis of a "molten globule"

state gained support from the very first observations which supported this idea

(Kuwajima, 1977).

Initially the molten globule was assumed to be a collapsed state of the polypeptide

chain without fixed, specific long range interactions (Privalov, 1996). The collapsed state

was thought to be maintained by hydrophobic interactions, i.e. the external pressure of

water that does not penetrate inside the globule (Ptitsyn, 1992; Dill, 1990; Dill and

Stigter, 1995). Furthermore, it was suggested that this compaction would promote a

helical conformation of the chain (Dill, 1990; Chan and Dill, 1991). Thus the molten

globule appeared to be a highly dynamic compact state of the polypeptide chain, without

the tertiary structure but with some helicity, but not necessarily related to the secondary
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structure of the native protein.

Later, water was "introduced" to this "dry molten globule," resulting in the

formation of the "wet molten globule" and then the "swollen molten globule" (Finkelstein

and Shaknovich, 1989). When it was suggested that a polypeptide chain in the molten

globule had a "native-like fold" the "highly ordered" molten globule was introduced

(Ptitsyn, 1995b; Peng and Kim, 1994; Redfield et 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 thermodynamic parameters; such

as enthalpy, entropy. volume, etc. (Privalov, 1996). Transition from one thermodynamic

state to another therefore proceeds with a drastic change of these parameters. Such a

change of state is termed a first-order phase transition (Privalov, 1996). If one.were then

to consider a protein macromolecule as a macroscopic system, then the separation of the

native state from the denatured state (in a single domain protein) by a highly cooperative,

two-state transition, could also be regarded as a first-order phase transition, since it

proceeds with drastic changes in enthalpy, 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 whether it is separated from

the unfolded state by a first-order phase transition (Privalov, 1996). According to

statistical mechanical studies, the collapse of a polymer chain into a molten globule

should result in a second order phase transition, accompanied by changes in the heat

capacity and compressibility (Lifshitz et al., 1978; Shakhnovich and Finkelstein, 1989;

Finkelstein and Shankhnovich, 1989; Bryngleson and Wolynes, 1987).

Recently, the idea of a molten globule has been criticised (Privalov, 1996). The

fact that the molten globule and unfolded protein move in different peaks in a

size-exclusion chromatographic experiment (Ptitsyn and Uverski, 1994), would imply that

their rates of interconversion are very slow (Privalov, 1996). Hence, the molten globule

state could not be regarded as dynamic with a highly mobile conformation. Finally the

native-like fold of a polypeptide chain assumes the existence of many fixed long-range

interactions, the concept of describing a state with such attributes as molten i.e, liquefied

state seems wrong (Privalov, 1996).
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1.4 NON-COVALENT INTERACTIONS

The search for a global energy minimum, is dictated by the interactions which

individual atoms in the protein have with others atoms. All these interactions are

non-covalent, and are discussed in this section.

Since proteins are only marginally stable at room temperature, no type of

molecular interaction is unimportant and even small interactions can contribute

significantly (positively or negatively) to a protein's stability (Dill, 1990). Over the years

different non-covalent interactions have been regarded as providing the dominant forces

in stabilising proteins. The denaturation of proteins upon heating 'Was thought to be due

to the breaking of the hydrogen bonds with a large unfavourable enthalpy change.

However, the original proposal by Kauzmann (1959), that non polar interactions imparted

most of the stability to the native protein is still regarded as valid (Dill, 1990).

1.4.1 Hydrogen Bonding

The relative contributions of any forces in a protein 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 net

formation of a new bond in a vacuum. Secondly, the results of studies on small model

compounds in aqueous solution cannot be applied directly to proteins because the

different parts of a protein are held together by a covalent peptide backbone, whereas

small molecules are not (Abeles et al., 1992).

Hydrogen bonds (D~H---A) are predominantly electrostatic interactions between

a weakly acid donor group (D-H) and an acceptor atom (A) that bears a lone pair of

electrons. In biochemical systems the D and A can be both the highly electronegative N

and a atoms and occasionally S atoms as well. The hydrogen bonds are much more

directional than van del' Waals forces, although less so than in the case of covalent

interactions. Their association energies are usually in the range of -2.8 to -7 kcal/mol,

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. Deviations from this ideal geometry are however not

unusual, with the hydrogen bonds in alpha helices and in antiparallel beta sheets, the N-H

bonds point along the C=O bonds rather than along the 0 lone pair orbital (see e.g. Voet

and Voet, 1990).

The internal hydrogen bonding atoms in a protein are arranged to facilitate the

maximum number of hydrogen bonds. Breakage of the internal hydrogen bonds 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 surrounding water molecules. The free

energy of stabilisation derived from the internal hydrogen bonds are therefore equal to

the difference in the free energy of hydrogen bonding between 'Ll1enative and the

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

hydrogen bonding was, until recently, not thought to significantly stabilise the structure

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

supported by the fact that in the presence of organic solvents which lower the dielectric

constant of the solution, proteins unfold. 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) suggests that hydrogen bonds

significantly stabilise native protein structures and provide elevated stability to

thermostable proteins (Vogt and Argos, 1997).

1.4.2 Nonpolar Interactions

Two kinds of explanations have been used to describe the tendency of nonpolar

molecules to clump together in an aqueous solution. The first explanation, the

hydrophobic interaction (Kauzmann, 1959), describes the hydrogen bonding, present

between water molecules as effectively squeezing out the nonpolar groups, and by so

doing, forces these groups to aggregate. 'The second explanation deals "lith the attraction

of nonpolar groups for each other. If the attraction between the groups is larger than that

between the groups and water, then they will tend to come together.
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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 other, and their stronger interaction with each other than with a nonpolar

molecule, a resistance is created to the insertion of nonpolar molecules. As a result,

nonpolar groups tend to interact with each other and in so doing they reduce their

exposed surface area to the surrounding water, allowing the water to interact more

strongly witr ielf,
Contrary to what may be expected the insertion of a nonpolar molecule into water

does not result in the breaking of hydrogen bonds between water molecules. The water

molecules at a nonpolar surface are not able to form hydrogen bonds or dipolar

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

molecules either at 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

entropically opposed with a reduction in the -LiS, and hence an increase in the +LiG (LiG

= AlI - TLiS). The formation of these hydrogen bonds corresponds to the reaction being

enthalpically driven (-LlH). However, the net change in G remains positive.

Results of Monte Carlo calculations of the lowest energy states for a large number

of different arrangements of water molecules surrounding a hydrocarbon (Jorgensen et
al., 1985), have led to the conclusion that the negative changes in both LiS and LlH were

not due to a net increase in the number of hydrogen bonds of the water molecules around

the nonpolar molecule. Rather the number 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 molecules with

tht. dissolved hydrocarbon by diopole-induced dipole and dispersion forces. The entropy

decrease is due to the water molecules existing in a smaller number of different positions

in the region occupied "lJythe nonpolar molecule.

The effect of two nonpolar molecules coming together in water would then be a

reduction in the number of unfavourable interactions with water because the surface area
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.~ hydrophobic molecules in contact with water is reduced. As a result the number

of water molecules surrounding the nonpolar dimer is now reduced, causing an increase

;,~ the entropy of the system, with a favourable change in the Gibbs energy, -AG. The

increase in entropy is accompanied by an increase in the enthalpy, AlI, because there are

fewer molecules in contact with the nonpolar surface.

The folding up of a protein to form hydrophobic interactions in the 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 Jt . ling with an interaction rather than a bond, there should still be a

negative change of enthalpy, implying that the reaction is more favourable at low

temperatures. However, reduction in the number of nonpolar-water interactions which

occur upon aggregation of nonpolar molecules (the association of nonpolar residues

during protein folding) results in a positive enthalpy change. As a result of the reduced

ordering of the water molecules with increasing temperature, the hydrophobic entropy

is highly temperature dependent (-TAS) (Dill, 1987), i.e. decreasing in magnitude while

increasin; in temperature. The consequent rise in AlI would thus imply that the

hydrophobic interaction becomes stronger with increasing temperature (Privalov and Gill,

1988). This is true up to about 60°C, above this temperature, the enthalpy change for

interactic 1. of nonpolar groups in water becomes zero and then negative. At higher

temperatures therefore, the strength of the interactions between nonpolar groups in water

decreases with increa-i, '6 temperature and most proteins den' .ture.

Consequently. many protein, have maximum stability at temperatures in the

physiological rasge. Above this range, they undergo denaturation because of the positive

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

formation, they undergo cold denaturation due to the weakening of the hydrophobic

interactions, where the decrease ;,.....enthalpy irom the breaking of hydrophobic

interactions (and hence increase in the number of nonpolar-water i: 'errctions) is larger

than the increase in the enthalpy from the breaking of other interactions (such as

hydrogen bonds). So that the net enthalpy of denaturation is negative and denaturation

becomes more favourable with decreasing temperature (see e.g. Franks, 1995).
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1.4.2.2 Dispersion interactions

The second explanation for nonpolar interactions in water is based on the

attraction of nonpolar groups for each other. Nonpolar groups are also held together by

weak attractive van der Waals, or London dispersion interactions between 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 molecules, resulting in the

water being an unusually open liquid, with large amounts of empty spaces between the

water molecules. The strength of the van del'Waals interactions depends largely on the

amount of matter that is in close contact, so that these interactions are stronger between

two organic molecules, or two parts of a protein, than between the water and organic

molecule or protein. As a result the organic molecules will tend to interact more

favourably with each other.

As in most chemical bonds, these van del' Waals interactions have a negative

enthalpy change. The breaking of these interactions as well as hydrogen bonds is

responsible for the positive change in enthalpy that is observed for the denaturation of

most proteins at high temperatures.

It appears that neither the "squeezing out" hydrophobic interaction or the

dispersion force are mutually exclusive. The water is a strongly dipolar, hydrogen

bonded liquid that resists the insertion of anything that cannot interact strongly with it.

On the other hand, proteins 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 with small water molecules.

1.4.2.3 Electrostatic interactions

The associationof two ionicprotein groups of opposite charge, within 4A 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

37

.l

i"

I



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 ions in solution are highly

solvated however, so that the free energy of solvation of two separated ions is about

equal to the free energy of formation of their unsolvated ion pair. Most ion pairs are

found to occur between residues that are distant in sequence along the protein polypeptide

chain (Baldwin and Eisenberg, 1987). Thus they are thought to stabilise tertiary

structure, rather than secondary structure, although their contribution is thought co be

small. This partially accounts for the fact that buried (unsolvated) ion pairs rarely occur

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

conserved amongst homologous proteins.

1.5 METHODS USED TO MONITOR THE UNFOLDING/REFOLDING

PATHWAY AND STABILITY OF A PROTEIN

1.5.1 Physico-Chemical Means of Determining a Protein's Unfolding/Refolding

Pathway

The most ideal method for monitoring the unfolding/refolding of a protein would

be a technique .vhereby 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 ".<lteto its denatured state or vice versa. CUrrently, only two procedures

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

atom resolution, i.e, Nuclear Magnetic Resonance (NMR) and through the analysis of

transition states. NMR is unparalleled as a spectroscopic technique in the level of detail

which may be obtained for structure solution. The method may be applied to analysing

stable states, including the unfolded state, and also for studying transient species by

Hydrogen-Deuterium (H-D) exchange. For highly defined structures, information is given

about 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 states 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 et al. (1989, 1990) and Arcus et al.(1994). This "protein

engineering approach" may also be used for the characterisation of intermediates. The

procedure has been described in detail (Fersht et al., 1992) and reviewed (Fersht, 1993).

The principle applied is very simple: a suitable residue in the protein is mutated,

generally to a smaller one, or to that of an alanine, and the change in stability of the

protein is measured. The effects of the mutation on the stability of intermediates and

transition states are also measured. In order to circumvent the need to elucidate the

structure 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 mutation is most

likely the full native structure. If, on the other hand, the mutation does not alter .he

stability of the transition state at all, then the protein must be fully unfolded at the site

of the mutation. These principles may in tum be converted to quantitative terms by

defining a parameter cP which is the ratio of change in energy of a particular state to the

change in energy of the native state on mutation. cP = 0 means the structure is not

formed; cP = 1 means the structure is fully formed.

Exploiting both these techniques, a method has been proposed for the folding

pathway of Chymotrypsin Inhibitor 2 (CI2). The method of folding proposed is that of

nucleation condensation (Fersht, 1995). The "nucleus" is formed by those residues

involved in the initial site around which 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 out using computer simulation (Daggett et al., 1996).

Other structural probes Which have been exploited are fluorescence for monitoring

changes in the environment of specific residues inside the protein. Polarisation is another

technique which monitors the tumbling of specific residues within the protein. Additional

spectroscopic probes include second derivative spectroscopy, and circular dichroism for

monitoring a-helix formation or disappearance. 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 electrophoresis in the presence 01' 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 orientation of atoms which

constitute the active site results in a discernable increase/decrease in the catalytic activity

of the enzyme. While only limited information is available by following 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 monitoring the pre-steady-state reaction.

The stopped flow in tum has been exploited for monitoring the protein's

folding/unfolding under non-equilibrium conditions, as opposed to that occurring under

equilibrium conditions (see e.g. Service, 1996). In the case of the latter, only

thermodynamically stable species are discernible. In the case of the former, transiently

formed, i.e, non thermodynamically stable species or kinetic intermediates may be

identified.

1.5.2 Theoretical Studies

Levinthal (1968) was the first to suggest that the way in which a protein folded

was not dictated by a random stochastic search, whereby the protein adopts all possible

conformations before finally assuming its energetically most stable conformation, the

native state. Since the native state is unique, confirmed by the fact that proteins do

crystallise, 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

movement of each individual atom of a protein as it moves from its position in a 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.

Thermodynamics is a macroscopic view which describes the behaviour of large numbers

of molecules in terms of pressure, volume, temperature, composition, and exchanges of

heat and work. The quantitative relationships between various measured properties are

not: based on any model of the microscopic structure of matter. For example the
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experimental quantity AG = Go - GN, where Go and GN 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 Go and GN

are indeterminable within the framework of thermodynamics. 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, classical and

quantum mechanics provide a microscopic description for the structure and interactions

of molecules. Ideally one would like to be able to predict the thermodynamic behaviour

of substances using our knowledge about individual molecules. If the mass, position,

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 possible to calculate all the properties 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 a statistical basis. Statistical mechanics provides

the needed bridge between microscopic mechanics (classical and quantum) and

macroscopic thermodynamics. (see e.g. Alberty, 1987). With the advent of powerful and

affordable computersmolecular dynamicsmethods have become awide-spread means for

simulating molecular-scale models of matter. Since the time of Newton, the N-body

problem of classicalmechanicswas 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 to single-particle dynamics. This would then explain how the

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

individual particles.

Amolecular scale simulation consists of three principle steps: (1) construction of

a model, (2) calculation of molecular trajectories, and (3) analysis of those trajectories

to obtain property values. The second step constitutes the simulation proper, providing

the molecular positions. In molecular dynamics the positions are obtained by solving

differential equations of motion and hence, the positions are connected in time, where

the positions reveal dynamics of individualmolecules as in a motion picture. Despite the

availability of supercomputers. computing limitations require that the time involved 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 order of milliseconds. Inorder to do this,

the simulated temperature of the system needs to be increased dramatically, often well

above the boiling point of water, where the protein would find itself in a solvent no

longer in the liquid phase. Other computing limitations involve the actual number of

atoms whose trajectories may be simulated. In order to overcome this effect,

two-dimensional or cubic lattices (see e.g. Dinner et al., 1996) representative of the

whole protein are used to overcome this deficiency. In still other simulation methods, the

positions are computed from hybrid schemes that involve some deterministic features, as

in molecular dynamics, and some stochastic features, such as Monte Carlo simulations.

In Monte Carlo simulations the molecular. positions are generated stochastically such that

a molecular configuration depends only on the previous configuration. The results of the

combination of the deterministic (molecular dynamic) with the stochastic (Monte Carlo)

are then compared to the macroscopic model, with a reduction in the number of Monte

Carlo "moves" indicating an improvement in the simulation. Simulations however are

also prone to error, but with a constantly expanding databank of physico-chemically

derived resul.s with which to compare the simulations the principles of protein folding

are gradually being learned.
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CHAPTER 2 GLUTATIDONE S-TRANSFERASES

2.1 INTRODUCTION

Glutathione S-transferases (GSTs, Ee 2.5.1.18) the multigene family of

isoenzymes were first discovered in the early 1960's (Booth et al., 1961). They are

widely distributed amongst aerobic organisms (Pemble and Taylor, 1992), and localised

in mammalian tissue where they are most able to carry out their function of

detoxification. Together with other detoxifying enzymes, they are collectively known as

enzymes of detoxication (Jakoby and Ziegler, 1990).

2.1.1 Glutathione S-transferases as Enzymes of Detoxication

The GSTs, together with flavin-containing monoxygenases, amine

N-methyltransferases, sulfotransferases, and others, form the enzymes of detoxication

(Jakoby and Ziegler, 1990). In all living organisms a broad system exists for the

recycling of either naturally occurring or synthetic compounds. Micro-organisms in

particular are capable of very effective catabolic activity, and their enzymes are generally

specific to individual compounds. The problem however in dealing with nutritionally

worthless compoundspresent 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 derived) compounds by making them either more readily excretible or

less pharmacologically active.

All these enzymes have the following similarities in common: They all have a

pr=ference for hydrophobic compounds, although polar compound are not entirely

excluded. Each has a very broad substrate range, and they are usually more concentrated

at points of entry to the body (liver, lung, intestinal mucosa) 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 producing more enzyme (Jakoby and Ziegler, 1990).

The detoxication enzymes have, in turn been divided into three main groups:

Phase I enzymes, activate chemicals by forming reactive functional groups (e.g.

epoxides) in them. Phase IT enzymes deactivate these reactive chemicals by attaching a

hydrophillic moiety (e.g. glutathionyl, gIucuronyI, or sulphuryl) to them. Finally the

phase III enzymes mediate the elimination of inactive and water-soluble products (Dirr

et al., 1994).

The GSTs form part of the phase II detoxication mechanism, by catalysing the

S-conjugation between the thiol group of glutathione to numerous chemically diverse

compounds including alkyl-and arylhalides, lactones, epoxides, quinones, esters and

activated alkenes (Mannervik and Danielson, 1988), The consequence of this reaction,

is a less reactive and more polar glutathionyl S-conjugate which in animals is further

catabolized and excreted from the cell (Boyland and Chasseaud, 1969). The release from

the cell also marks the first stage of glutathione (GSH) turnover. The released

GSH-conjugate is transported from the blood to the kidney, where the degradation of the

GSlI begins by the removal of the 'Y~glutamyl moiety. This moiety is in tum transferred

to an acceptor amino acid and relocated into the cell where it is involved in the

resynthesis of GSH. Upon acetylation with acetylcoenzyme-A the remaining

cysteinyl-glycine is hydrolysed by a dipeptidase catalysed reaction, where the cysteine

conjugate is converted to a mercapturic acid, and excreted (Siegers and Younes, 1983;

Mannervik, 1985).

In addition to cytosolic GSTs displaying much catalytic diversity, they are also

able to function as very versatile ligand-binding proteins, known as ligandins (Litwack

et al., 1971; Listowsky, 1993). In the light of their abundance in cells (up to 10% of the

cytosolic protein in some animal cells), as well as their binding properties, they are

tb.ought to mediate in intracellular storage and transport of hormones, metabolites, drugs,

and a great variety of other hydrophobic non-substrate compounds (for reviews see

eg.Dirr et al., 1994; Wilce and Parker, 1995).

44



2.1.2. The 26 kDa GST from Schistosoma japonicum

Interest in the 26 kDa GST of Schistosoma japonicum (Sj26GST) first came to

light when mice which were relatively resistant to chronic infection by the parasitic

helminth Schistosoma japonicum responded highly to a 26 kDa antigen from these adult

worms. This antigen was later identified as being a glutathione Sstransferase (Smith et
al., 1986). In order to carry out several lines of investigation, such as affinity

purification of antibodies, raising of specific antisera or vaccinating animals, large

amounts of uncontaminated Sj26GST were needed. As a result, a bacterial plasmid (pSj5)

which directed the synthesis of the entire Sj26GST molecule in E. coli was constructed

(Smith et al., 1988). Motivated 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 affinity

chromatography. Thus was introduced the plasmid expression vector pGEX.

111 order to facilitate cleavage of the fusion protein from the Sj26GST affinity tag,

linkers susceptible to cleavage by site-specific protease, i.e. thrombin (pGEX-2T) and

blood coagulation factor (pGEX-3X) were engineered (Smith and Johnson, 1988). The

pGEX range of fusion protein affinity tags has proven so successful that it has been

identified as one of the four main systems in use in E. coli (La Valli and Mc Coy, 1995).

Furthermore, Sj26GST with C-terminus fusion proteins has also led to some

interesting structure function studies, such as the mimicry of receptor dimerisation (Yan

et al., 1995), and the identification of oligomeric structures of proteins (Nemoto et al.,
1995). An Sj26GST fusion has also facilitated the crystallisation of a peptide fragment

(Lim et al., 1994).

2.1.3 Construction of the pGEX Plasmid

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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plasmid map is shown in Figure 2.1 and contains firstly, the tac promoter, essentially a

hybrid of both the tryptophan and lactose promoters (De Boer et al., 1983), followed by

the complete coding sequence of the Sj26GST (Smith et al., 1986; 1987). The normal

termination codon has been replaced by a polylinker containing unique recognition sites

for the restriction nucleases Bam HI, Sma I, and Eco RI, followed by TGA translation

termination codons in all three reading frames. Secondly the {3-lactamase·coding gene for

inferring Ampicillin resistance on the host. Thirdly, an origin of replication or ori site.

Fourthly, a fragment of the lac operon containing the over-expressed lac 1 allele of the

lac repressor and part of the lac Z gene. Finally. oligodeoxynucleotides encoding the

cleaveage-recognition sequence of thrombin was introduced (Smith and Johnson, 1988).

2.1.4 Overall Structure of GSTs

Since the elucidation 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 Bank (PDB) (Bernstein et al., 1977). All fully functional GSTs are dimers,

having molecular masses in the region of 50 kDa. Both subunits have an active site along

the domain interface. The position and architecture 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

hydrophillic and solvent accessible furrow with a prominent cavity at the centre. Each

site can be separated into two distinct functional regions: a hydrophillic G-site for binding

the physiological substrate glutathione (GSH) in the extended form, and an adjacent

hydrophobic H-site for binding structurally diverse electrophilic substrates. Each subunit

in tum is divided into two domains, both of the active sites Occur in the N-terminus

domain 1 of their respective subunits. A third kind of site is created by the dimerisation.

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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pGEX1
pro Lys Ser Asp Pro Arg Glu Phe lie Val Thr Asp STOP
CCII AM TCG GAr CCC CGG GM rrc ATC GTG ACT GAC TGA CGA TeT G~ "--'

BamHI Smal EcoRI

pGEX2T

thrombin
Pro Lys ser Asp ~ Va.l Pro Arg t~ Pro Gly lie His Arg Asp STOP~~~~~~~~~~~~~~~~~~

'--------J ~

BamHI Smal EcoRI

factorXa

pGEX3X
Pro Lys Ser Asp Leu I lie Glu Gly ArgtGly lie Pro Gly Asn Sar Ser STOP
CCII AM TeG GAT ere ATC GM GGr CGr GCG ATC CCC GGG AATrcA reo TGA ere.._____. ..__..

L.....--,;,.,--J

BamHI Smal EcoRI

Figure 2.1. Map of the pGEX plasmid: a range of fusion-protein expression vectors that

bind a cloned gene as a fusion to Sj26GST. The lac repressor (product of the lac! gene)

binds the Ptac promoter, repressing the expression of the GST fusion protein. Upon

induction with IPTG, derepression 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~3X contain

protease cleaveage sites so the cloned protein can be released from the GST moiety. The

recogllition sequences for thrombin and factor Xa are bracketed above the poly linker

sequences, witb the actual c1eaveage site between Arg and Gly (adapted from Current

Protocols in Molecular Biology)

47



....1.5 GST Classes

GSTs have been classified, together with the microsomal enzyme into 6 gene classes,

i.e. alpha, mu, pi, sigma and theta and kappa (Mannervik et al, 19R5; Meyer et al.,

1991; Ji et al., 1995; Pemble et al., 1996) The classification is based on both primary

and tertiary sequences. However, considerable discrepancy exists P.S to the classification

of Sj26GST (Mc'I'igne et al., 1995; Meyer 1995). Based on the fact that a class mu has

successfully been used as a search model for solving the schistosoma! GST structure, and

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

as a class mu (Hughes, 1992; Lim et al., 1994) and not a sigma (Meyer, 1995).

2.1.6 Nomenclature

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

the 26-kDa glutathione S~transferase from Schistosoma japonicum abbreviations v::u:y

from sj26 (Hughes, 1992), to sjGST (Mc'I'igue, et al., 1995). In this thesis the protein

is abbreviated as Sj26GST. The nomenclature regarding other GST classes has been

standardised (Mannervik et al., 1992), with ego rGSTM1··1 being an acronym for a

glutathione S-transferases, where the prefix r, indicates the species i.e. rat, M, indicates

the gene class mu, and 1-1 indicates a dimer of two type-l subunits.

2.2 STRUCTURE OF THE 26 KDA GST FROM Schistosoma japonicum

Three structures of Sj26GST have been elucidated to date. Table 2.1 gives a brief

summary of the Sj26GST structures currently available, together with some

crystallographic data.

The co-ordinates ot the structures were downloaded via a file transfer protocol

(ftp) from the PDB (Bernstein et al., 1977). The procedure used is summarised in

Appendix A. Of the elucidated GST structures, only the class sigma GST (pdb accession

codes, IGSQ and 2GSQ) and Sj26GST have a monomer (designated subunit A) in their
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IGNE

IGTA

!GTB

glutathione 2.5

2.4
2.6

0.219

0.197

0.212

P432,2

P6322

P6322

Table 2,1. Sj26GST crystallographic data

pdb accession

code

ligand resolution (A) R-factor' space

group

none

praziquantel

·R factor ;:: ~ II Fobs I - IFcalc ll/~ IFobS I, where Fobs and Fcalc are the observed and
calculated structure factors respectively.
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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 PrUolary Structure

Table 2.2 shows the results of a sequence alignment of representative enzyme."

from different GST classes against Sj26GST. The sequences were aligned against the 218

residues of Sj26GST as specified in the IGTA structure, according to the method of

Needleman and Wunsch (1970).

The discrepancy between the 1GNE (Lim, et al., 1994) sequence and those of

1GTA and 1GTB (McTigue, et al., 1995), are Que to the methionyl residue present at

position 1 in the latter two structures, but absent in that of 1GNE, as well as the attached

fusion to IGNE. All numbering 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 Nsterminal domain

(domain 1) comprising a {3a{3ex{3{3a folding pattern (residues 1-77), where the {3-sheets

are predominantly antiparallel. Connecting domain 1 to domain 2 is a short linker region

(residues 78-84). The C-terminal domain 2 is larger comprising 5 a-helices (residues

85-193), and a long coil (residues 194-217) after the final helix (a-8) (Lim et al., 1994;

McTigue et al., 1995; Reinemer et al., 1996). A comparison of the secondary structural

elements of representative classes of GSTs is shown in Table 2.3 (Reinemer, 1996).

2.2.3 Tertiary Structure

The overall fold of Sj26GST resembles that seen in mammalian GSTs. A least

squares superposition of the 117 C positions from ex-helices and {3-strands onto those of

50



Table 2.2. Sequence alignment of various GST classes to IGTA

PDB accession code GST class Similarity (%) Root Mean Square(RMS)

IGTA Sj26GST 100 0

IGNE Sj26GST 99 51.7

IGST rGSTM3-3 42 24.9

IGUH hGSTAI-I 26 85.4

IGSR pGSTPl-l 27 68.4

IGSQ Squid 23 38.3
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rat mu, pig pi, and human alpha GSTs, yield respective root mean square (r.m.s.)

deviations of 1.35, 1.35, and 1.75 A (McTigue et al., 1995). The regions of greatest

structural differences between Sj26GST and the mammalian enzymes occur at residues

32-40, and 199-217, which form part of the hydrophobic binding site discussed below.

The Csterminua of Sj26GST (residues 213-217) essentially sit on the surface of

domain 2. It is also close to the 33-35 loop, a shortened version of the 33-42 loop of mu

GST, that links (3-strand 2 and a-helix 2 in domain 1.

2.2.3.1 Domain-domain interactions

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

which occurs between LyslO (occurring between (3-strand 1 and a-helix 2) and AspI59

in a-helix 6. The rest of the interactions are made up predominantly by nonpolar

interactions between the residues Trp7, Pro15 and Leul S from a-helix 1 in domain 1 and

residues in a-helix 6 and a-helix 8 of domain 2. The side chain of Glu33 forms a

hydrogen bond with the ring atom e-NI of Trp205. Residue 34 is an arginine, and its

side chain interacts with the side chain of Asp2I3, and the carbonyl atom of Gly212

(Figure 2.2).

2.2.4 Quartenary Structure

The two subunits Sj26GST assemble to form a dimer of dimensions 57 A x 47

A x 44 A. The 2-fold rotation axis relating the subunits within the dimer lies

approximately 11 degrees from the helical axis of a-4, so that the symmetry-related a-4

helices cross at an angle of approximately 22 degrees (McTigue et al., 1995). The dimer

assembly creates a long (40 A), narrow (6-10 A) cleft lined primarily by polar side

chains as described ill Figures 2.3 and 2.4.
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2.2.4.1 Dimer interface

The most prominent hydrophobic contact between the two monomers is the

penetration of Phe51 between residues 90-93 (a-4) , and 128-132 (a-5) of the other

subunit. This "lock-and-key" type contact (Ji et al, 1994). is absent in the sigma and

theta GST classes (Figure 2.3).

The following residues face the residues in subunit B of the dimer pair: Ala89 ,

Met93, Leu94, and Phe132. The sequence number and identities of residues that

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

mentioned residues make up the core structure for the hydrophobic interaction between

the GST dimer pairs. The region along the dimer 2-fold axis is a relatively open

hydrophillic channel, .and flanking this channel on both sides of the dimer is this

hydrophobic interface, acting as a stabilising force for the GST dimer.

The hydrophillic interactions between the dimer pair are more variable than the

hydrophobic interactions. Certain key sequence positions may be distinguished: Gln66,

Arg72, Asp76, Arg88, Ser92, and Asp100. These residues are located ina-helices 3 and

4, and together with the corresponding a-helices of subunit B, are positioned nearly

parallel along the 2-fold axis and form a hydrophillic core. Gln66 participates in

glutathione binding, and interacts with Asp100 of subunit B. Arg72 interacts Withits own

symmetry-related residue in subunit B, and Asp76 interacts with Arg88 in the second

subunit. In class mu GST, the polarity is changed so that Arg81 interacts with Glu90 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 Sj26GST, however in the

other alpha/mu/pi GST classes, this sequence position is occupied by an aspartate, and

interacts with a positively charged residue in subunit B.
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All crystal structure analyses were calculated according to the method of Kabsch and Sander (1983), and taken from the following GST
structures: (a) Sj26GST (Lim et al., 1994; McTigue et al., 1995), (b) rGSTM3-3 (Ji et al.,1992), (c) hGSTAl-l (Sinning et al., 1993), (d)
pGSTPl-l (Reinemer et al.,1991; Dirr et al.,1994), (e) squid (Ii et al., 1995), (f) Australian sheep blowfly Lucila cuprina (Wilce et ai., 1995).
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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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A

B

Figure 2.3. Dimeric structure of Sj26GST 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 Sj26GST, that of Phe51 (space filled) lock-and-

key contact in Figure 2.3 A, is contrasted with the flatter subunit interaction of the class

sigma GST in Figure 2.3B. The red molecule is that of the antischistosomal drug PZQ

bound to the non-substrate ligand-binding site.
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)-0
Praziquantel

B

Figure 2.4. The structure of Praziquantel (A) and its interaction with Sj26GST (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 et 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.

By co-crystallisation of Sj26GST with GSH (Lim et al., 1994), the position of the

G-sites can be seen in Figure 2.5. A comparison of those residues involved in binding

GSH in classes alpha, mu, pi, and Sj26GST are summarised in Table 2.4 (Reinemer, et

al., 1996).

Site-directed mutagenesis studies have revealed the importance of specific residues

in the GSH binding site. In class pi, substitution of Arg13, Gln62, and Asp96, resulted

in a 20-50 fold decrease of both the catalysis and GSH binding, When compared to the

wild type (Manoharan, et al., 1992). Substitution of Tyr7 to phenylalanine in class pi,

resulted in only a 27% GSH binding ability when compared to that of the wild type. The

enzymatic catalysis though, was reduced to less that 1%. This substantial reduction in

catalytic activity has also been shown in the case of class mu (Liu, et al., 1992).

Remarkably though, in the case of class theta (Wilce et al., 1995, and Reinemer et al.,

1996) the equivalent tyrosine is absent and appears to have its role fulfilled by that of a

serine.

2.3.2 H-Site

GSH binds to the 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,

since the residues in the region are generally hydrophobic. No Sj26GST structure has

been elucidated in the presence of any H-site ligands. However when compared to class
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mu GST which has (Ji et al., 1993,1994), the equivalent residues in Sj26GST are: lte9,

Leu12, Serl06, Tn· 11,0, GIn203, and Gly204 as indicated in Figure 2.5.

2.4 CATALYTIC FUNCTION

The kinetic mechanism for the aST catalysed addition of the electrophile to the

nucleopnilic 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 ternary complex with a class alpha GST ).

A schematic diagram of the sequential kinetic mechanism for GST can be

represented as follows (Armstrong, 1991):

R-X
E + GSH {=} E"GS- + H+ {=} EeGS-·R-X {=} E·GSR·X- {=} E + GSR + X-

Where E is the GST,GSH is the physiological substrate glutathione and R-X is the

hydrophobic substrate.

The G-sites of the alpha, InU, Sj26GST, and pi GST classes all have a conserved

tyrosine residue present (Tyr6 in the case of Sj26GST). A hydrogen bond is present

between the thiol group of GSH and the hydroxyl group of Tyr6. Replacement of Tyr7

in class pi GST with phenylalanine by site-directed mutagenesis, reduces enzyme activity

to less than 1% of the wild type, although little change is observer' :. rl-~ affinity of the

enzy-ne for GSH (Lim et al., 1994). pKa values 'f the bound G"tl ,. class pi GST is

aliso 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 et al., 1992). Other studies have

confirmed the lowering of the pKa values of GSH by mutating equivalent tyrosine residue

in class mu (Liu, et al., 1992), and class alpba (Wang et al., 1992). Thereby implying

that Tyr7, or its equivalent in other classes, is essential for enhancing the nucleophilicity

of the thiol group of GSH. In this instance it appears to act as a hydrogen bond donor,

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
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A

B

Figure 2.5. Glutathione and hydrophobic substrate binding sites: looking down the two-

fold axis (A) and perpendicular to it (B). GSH is shown in white. Interaction with GSH

are from residues of the same subunit, except for AspHlO which is contributed by the

second subunit (space filled' The residues which comprise the H-site are in red.
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Table 2.4. Interactions Dfllie various GST classes with GSH: adapted from Reinemer et al., (1996).

Glutathione moities
Glutathione S-transferase from class

Sj26GST(a} Mu(b) Alpha(C) Pi''')

'Y-Glu NH3+ Gln66
Asp100*

COO- Gln66
Ser67

C=O
NH Leu54
C=O Trp7
NH Asn53
COO- Lys44 Trp38

Lys42
Gln49

Gln66
Asp 100*
Thr67

Ginn
Asp 105*
Ser72

Gln62
Asp96*
Arg13
Ser63

Gln49
Leu50
Leu50

Cys

Gly

Leu59
Trp7
Asn58
Arg42
Trp45
Lys49

Va155
Val55

Arg44
Arg130*

* Interaction contributed by a residue of the second subunit
(a) Sj26GST (Lim et al., 1994; McTigue et al., 1995)
(b) rGSTM3-3 (Ji et al.,1992; Raghunathan et al., 1994)
(c) hGSTAl-l (Sinning et al., 1993)
(d) pGSTPl-1 (Reinemer et al.,1991; 1992; Dirr et al.,1994; Garcia-Saez et ['Z., 1994)
(e) squid en et al., 1995)
(1) Australian sheep blowfly Luella cuprina (Wilce et al., 1995)

Sigma'" Theta(!)

Gln62 Glu64
Asp96*
Gln62 Ser65
Ser63 Arg66

-
Met50 Ile52
Met50 Ile52

Trp38 His38
Lys42 His50
Asn48



et al., 1992).

Another role of the Tyr7 residue, or its equivalents which has been proposed, is

that the tyrosine may function as a base, and therefore proton donor. Based on chemical

modification studies with diethylpyrocarbonate (Meyer et al., 1993), and electrostatic

potentials calculated for the active site (Karshikoff et aZ.,1993), it ;'as been suggested that

Tyr7 in the active site is deprotonated, thereby promoting proton removal from GSH, and

creating a reactive thiolate anion.

The remarkable finding that Tyr7, or its equivalents are not present in the G-sites

of either class sigma or alpha classes (Ji et al., 1995; Wilce et al., 1995; Reinemer et

al., 1996) has resulted in a serine residue being 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 involved in base catalysis (Walker, et al., 1995), no

histidine residues have been found to be present in any of the mammalian class G-sites.

The theta GSTs from both Arabidopsis thaliana (Reinemer et aZ., 1996) lind Lucila

cuprina (Wilce et al., 1995) do however 1 ,ve histidine residues present in their G-sitf:',

although no cat, iytic role has been attributed to them, See Table 2.4.

2.5 LIGAND BINDING SITE (L-SITE)

While the ligandin function (Litwack et al., 1971; Listowsky, 1993) of GSTs was

well known, and it had been suggested that the possible site of non-substrate ligand

binding was at the interface of the two subunits, it was not until the crystallisation of

Sj26GST in the presence of the antichistosomal drug Praziquantel, (PZQ)

2-( cyclohexylcarbonylj-I ,2,3,6, 7-11b-hexahYdro-4H-pyrazino[2, Ialisoquinonn-a-one)

(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 Ff[ure 2.4A

and Its binding to Sj26GST in Figure 2.4B. Subsequently another GST structure with an

L-site ligand has also been solved (Ji et al., 1996).
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2.5.1 Praziquantel Binding Site in Sj26GST

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 catalytic

sites (Figure 2AB). Therefore, PZQ may occupy either, but not both, of the two

overlapping symmetry-related binding sites. PZQ makes contact with Gln66 , Gly96,

Leu99 , AsplOO, Tyr103 and Argl07 side chains from a-4 from one subunit, and also

Tyrl03 from subunit B. Interestingly, Tyrl03, or the equivalent residue is missing in the

case of the mammalian GSTs, where the equivalent positions are occupied by Cys99 in

human alpha, Glul03 in pig pi, and Metl08 in rat mu GSTs.

2.5.1.2 Praziquantel mode of action

It has been suggested (Smith et 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, haematein, the reduced form. of the haem prosthetic

group, produced during the metabolism of haemoglobin from the host erythrocyte,

accumulates as an insoluble pigment in the lumen of the parasitic gut. It is then excreted

by the parasite and lodges in the liver of the host. Sj26GST has been suggested to bind

to the haematein and prevent the formation of large haematein crystals, which might

block the evacuation of the parasitic gut. Thus PZQ, is thought to interfere with haem

binding, by blocking the binding site (Mc'I'igue, et al., 1995).

Others (Harder, et al., 1987) have suggested that PZQ interacts with tegumental

phospholipids, by causing spastic paralysis of the parasite musculature, leading to loss

of attachment to the host, and rapid damage of the syncytical tegument. It is thought, that

PZQ enhances the cell membrane's Ca2+ permeability, by membrane perturbation. The

resulting influx of Ca2+ causes spastic paralysis of the parasite. When the PZQ-induced

damage of the parasite's tegument is SUfficiently severe, the resulting Ca2+ influx will

disrupt various regulation processes triggered by Ca2+ and this 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 certainly involved in the elimination of the PZQ from the

system. Whether in fact the organism dies due to accumulation of haematein crystals or

the altered permeability of the cell's Ca2+ transport mechanism, or an accumulation of

the two effects, is unknown at this stage.

2.6 EVOLUTIONARY PERSPECTIVE

Evolutionary changes in proteins, which stem from random mutational events,

often alter a protein's primary structure. 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. Many mutations 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 function of the

protein.

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 aI., 1996), and duplication of this gene would have afforded the protein the advantage

of maintaining its original function while the duplicated copy evolved a new function.

Not only are the topologies of all GST classes similar, but the elucidation of the

first GST structure (Reinemer, et at., 1991) showed that the topology of domain 1 of

GST resembled that of thioredoxin from E.coli (Holmgren et al., 1975; Reinemer et at,

1991). Two structural features which have led to the clear evolutionary distinctions

between various GST classes is the presence or absence of either the catalytic tyrosine
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Alpha/PI

Kappa

I
t

Theta (Ser + F)I(S.~->TY')

o Sigma (Tyr + f)

I
Mu ...ooE;---Alpha!Mu/PI

(Sj26GST) (Tyr + l.&K)

\

I~
PI Alpha

Figure 2. 6. Possible evolutionary scheme of the cytosolic GSTs. The precursor class

theta enzymes have a serine in the active site 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 lock-and-key (L&K) type. The box represents the suggested

sigmalalphalmu/pi precursor (adapted from Armstrong, 1997).
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or the "lock-and-key" interaction of phenylalanine from one subunit with nonpolar

residues of the other subunit (Armstrong, 1997). In both the theta and sigma classes the

"lock-and-key" interaction, present in the alpha, mu and pi classes, is absent. Unlike the

theta class which has a catalytic serine, the sigma/alpha/mu/pi classes all have a tyrosine

residue in its place. Based on the assumption that the theta gene is the ancestral precursor

to the all classes other than kappa, the switch from the serine residue to that of tyrosine

would have preceded the evolution of the change at the dimer interface. This would have

yielded a sigrna/alpha/mu/pi precursor which with the development of the "lock-and-key"

interaction gave rise to the alpha/mu/pi classes (Armstrong, 1997). The highly conserved

3' -noncoding sequences of the mu and theta genes also suggest that the mu 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 OBJECTIVES

In light of the physiological importance of Sj26GST as a detoxication protein and

vaccine and drug target, and its wide application in biotechnology this work attempted

to initially understand the protein's propensity to aggregate when purified in the absence

of a reducing agent. In addition, it sought a clearer understanding of the conformational

dynamics and subunit folding and assembly of Sj26GST in both the presence and absence

ofPZQ.
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CHAPTER 3 EXPERIMENTAL PROCEDURES

3.1 MATERIALS

E. coli JMI09 .ells were obtained from Promega, and the pGEX-2T plasmid was

from Pharmacia. The affinity column used was an S-hexyl GSH affinity matrix, in which

the S-hexyl GSH ligand was prepared according to the method of Vince et al. (1971) and

ligated to epoxy activated Sepharose 6B from Sigma.

GSH,. BSA (Fraction V), and Dithiothreitol (OTT) were from Boehringer

Mannheim. The CDNB was obtained from Sigma and sodium dodecylsulfate (SDS)

calibration markers with a molecular mass range between 14.3 and 170 kDa were from

Boehringer Mannheim Combitek.

The urea used in the gradient gels was fr' .m Riedel Dellaen, all other urea was

Aristar Ultra Pure from BDH. Other chemicals were of an analytical grade quality.

3.2 lViETHODS

3.3 EXPRESSION AND PURIFICATION OF Sj26GST

3.3.1 Transformation of E.coli JMI09 Cells

E. coli JM109 cells were transformed with the pGEX-2T plasmid using the

one-step preparation method of Chung et al. (1989). An overnight culture was diluted

lOOx with Luria Bertani (LB) medium, until an A600"'" 0.3. One volume of ice cold 2x

Transformation and Storeage Solution (TSS)(lO% wlv polyethylene glycol 4000, 5% v/v

DMSO, 50 mM MgChin LB, pH6.5) was added and the suspension mixed on ice. 100

JLI of the competent cells were mixed with 1-5 JLIof 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 roM glucose was added. The cells were then i.ncubated 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 .....iated on a solid medium (10 g tryptone, 5 g yeast extract,

5 g NaCl, 15 g agar and 1 ml I M NaOH, made upto 1 liter), containing 100 JLg/ml

Ampicillin.

3.3.2 Growth and Induction of JMI09 Cells Transformed with pGEX-2T Plasmid

An overnight culture of E.coli JMI09 cells were diluted lOx into a fresh LB

medium containing 50 JLg/ml Ampicillin. The cells were grown at 37°C to a mid-log

phase where the AfIYJ ::= 0.6-1.0. The cells were induced by adding

Isopropylthiogalactoside (IPTG) to a final concentration of 1mM .. The cells were then

grown for 4 hours at 37°C. All incubations at 37°C were accompanied by shaking at 180

rpm.

3.3.3 Preparation of Cell Extracts

The cells werr pelleted by centrifuging 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 NaCI, 16 mM NaH2P04, 4 mr",I Na2HP04,

2 mM DTT, pH 7.3) + 1% Triton X-lOO . Volumes of ± 0.5 ml of the resuspended

cells were added to Eppendorf tubes and placed on ice. The cells in the individual tubes

were then lysed by sonicating the individual tubes using a Heat Systems (Ultrasonics

Inc.) sonicator, with the following settings: output control was on the micro tip, and 50%

duty cycle was selected. Each tube's contents was then sonicated for 30 seconds using

the pulse mode. The colour of the suspended cells appeared to change from cream to a

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 supernatant was drawn off and

purified by affmity chromatography on a regenerated S-hexy! GSH affinity column.
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3.3.4 Application and Desorption of the Bound Protein to and from the Affinity

Column

The cytosoIic extract, containing the overexpressed protein did I CIt usually exceed

10 ml from a 900 ml cell culture, and was applied directly to the head of the affmity

column at 30 ml/h. The column was washed with the running buffer (20 mM Tris, 100

mM NaCl, 1 mM EDTA, 0.02% sodium azide, 2 mM DIT, pH 7.8) until the eluent

had an A2BO <0.05. The protein was then desorbed from the column using 5 mM S-hexyl

GSH as competing ligand. The ligand was first solubilised in a minimal volume of 1 M

NaOH before being diluted to volume with running buffer. 3 ml fractions of eluent were

collected and their absorbances checked at 280 urn after having blanked the

spectrophotometer on S-hexyl GSH. The fractions containing the protein were pooled and

buffer exchanged (20 mM sodium phosphate, 2nLd DIT, pH6.5) on a Sephadex G-25

column in order to remove the S-hexyl GSH. The eluted protein was identified

spectrophotometrically as before. The fractions were pooled and the protein concentrated

using an Amicon ultrafiltration cell with a PMIO membrane.
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3.3.5 Regeneration of the S-Hexyl Glutathione Afflnity Column

The column containing 30 ml of S~hexyl GSH affmity resin was re-generated by

washing with 300 ml of sodium acetate buffer, pH 4. The column was then equilibrated

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.

3.3.6 Protein Determination

All protein concentrations were determined according to Bradford, (1976) and

modified using the microassay technique as per instructions of BioRad.

3.3.7 Homogeneity of the Protein



The purity of the protein was confirmed via sodium dodecyl

sulphate-polyacrylamide gel electrophoresis {SDS-PAGE) according to the method of

Laemmli (1970) as modified by Robyt and White (1990). The protein was run through

a 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% methanol and 10 %

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 (± O.02p.M) was added to the reaction mixture

containing 1 mM CDNB and 1mM reduced GSH inO.1 M sodium phosphate buffer, pH

6.5, containing 1 roM EDTA and 0.02% NaN3• The formation of S-2,4-dinitrophenyl

glutathione (e = 9600 M-l cnr') was monitored spectrophotometrically with a Hewlett

Packard Vectra CS model 8452A diode array specrophotometer at a wavelength of 340

DID, over a period of 60 seconds.

Assays to determine the effects of denaturants and PZQ were monitored over 120

seconds by first incubating the protein until equilibrium (either at a specific urea

concentration or in 100 p.M PZQ), or for 10 minutes (at a specific temperature) and then

following the above mentioned procedure. The PZQ had been solubilised in a minimal

volume dimethylsufoxide (DMSO) and the incubated protein added to the standard

reaction mixture which contained 100 p.M PZQ. No reactivat' on of the enzyme was

detected. All measurements were at room 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 a molecule

of the yellow aromatic thiol, 2-nitro-5-thiobenzoate (NTB) per sulfhydryl group (Bico,
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3.6 FLUORESCENCE

1994; Creighton, 1993; Habeeb, 1972). Just prior to experimentation, Sj26GST was

buffer exchanged on a PM-10 column (Pharmacia} (0.1 M Tris, 1mM EDTA, j:.:a 7.5)

in order to remove any DIT. The number of free sulfhydryl groups in Sj26GST were

determined at room temperature by titrating a solution of 5 p.M Sj26GST ( in the absence

or presence of 8M urea) with DTNE to a final concentration of 250 p.M. The release of

NTB was monitored at 412 nm (E = 136Gn M-1cm-1).

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

molecule from its gn'>LHidstate to that of a higher energy level. In most cases this

excitation energy is lost as heat to the surroundings as the molecule relaxes t') its ground

state. In some cases however reradiation may occur. This process is called fluorescence

see e.g. (Lakowicz, 1983; Cambell and Dwek, 1984).

Fluorescence therefore, involves two processes: absorption and the subsequent

emission. Each process occurs in the time scale given by the inverse of the transition

frequency (10"15 seconds). There is however a time lag of about 10-9 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,

e.g. the transfer of excitation energy to the surrounding medium. These non radiative

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

ground state, and their presence will result in a reduction or quenching of the

fluorescence intensity.

Fluorescence occurs at a lower frequency than that of the incident light. Since the

detection frequency is different from the incident frequency, sensitivity is high because

of absence of any background noise from the excitation source. Fluorescence may even

be measured in concentrations as low as 10-8 M, about two orders of magnitude lower

than absorption. Fluorescence is therefore very useful as a structural probe in monitoring

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

place on the time scale of the excited state. The resulting sensitivity of fluorescence to
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this time scale and to the environment is the basis of many of the applications to

biochemistry .

The principle of fluorescence may then.be thought of in the following physical

terms: generally at room temperature a molecule would be in its ground state and its

lowest vibrational level. Absorption of the appropriate energy results in excitation into

the upper vibrational levels of the singlet excited state. The spectral transitions between

the vibrational levels of different electronic states is governed by the Franck-Codon

principle i.e. that an electronic transition occurs so rapidly that during the transitions the

nuclei are static. Different vibration levels in the excited state will receive the transition

depending on the relative positions of the ground- and -excited-state ·~"'lrves.In solutions,

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

as the molecules relax back to their equilibrium populations, usually to that of lowest

vibrational energy level in the ground electronic state. The first event involves the

molecules in vibrational levels above the lowest one in the excited state losing their

excess energy as heat. They then return to Leir lowest level and therefore establish a

Boltzmann population distribution in the excited state. 'rile process takes about 10.12

seconds to occur From this excited state, spontaneous em..ssion can occur, and the

emitted light is fluorescence.

The dependence of the fluorescence intensity on the wavelength of the exciting

light is referred to as the excitation spectrum. Conversely, the emission spectrum

describes the variation of the fluorescence intensity with the wavelength of the emitted

light. The position of the maximum in the emission spectrum is sensitive to the polarity

of the environment and mobility of the fluorophore.
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3.6.1 Fluorescence Measurements

All fluorescence measurements were made at room temperature using a Hitachi

model 850 fluorescence spectrophotometer. The excitation band was set to 5 nm and the

emission band width to 10 nm. Samples were excited at 295 nm for measuring

tryptophan fluorescence.



3.6.2 Binding Affm.ity Calculations

In order to determine the affinity of Sj26GST for PZQ, the binding affinity of the

protein for the ligand was determined. Binding afflnities are usually measured in terms

of the association constant K,.. The value of K. has units expressed as l/concentration

therefore, it is conceptually easier to consider the dissociation constant r~which is the

reciprocal of K,. and has units in concentration. Concentrations of free ligand below the

K.J value result in little bindirq, to the protein, and when the Ktt equals that of the free

ligand half of the protein. molecules are bound to a ligand. In order to achieve an

occupancy of 90% bound ligand would require a nine times greater concentration of free

ligand, with 99 % occupancy requiring 99 times the K, (Creighton, 1993). The need for

using very high. occupancy levels of ligand is two-fold; firstly, it is necessary that the

majority of protein molecules under investigation are of a uniform composition (i.e,

bound or ligand free), secondly, the uptake of ligand by the protein should not

signiflcarny alter the concentration of the free ligand and thus disturb the equilibrium

between the protein and ligand.

The affmity of Sj26GST for PZQ was determined by measuring the quenching of

the intrinsic tryptophan fluorescence of the protein. The excitation wavelength was set

at 295 run, and the emission wavelength at 335 run, A solution of 1 p.M Sj26GST in

sodium phosphate buffer, pH 6,5 was titrated with PZQ to a fmal concentration of 50

ttM of the ligand. Controls were similarly prepared in the absence of enzyme. The final

dilution factor did not exceed 10% of the initial volume,

During the titration of the protein with PZQ the fluorescence intensity was

decreased. If the increasing concentrations of PZQ absorbed the excitation beam then this

would alter the concentration dependence c ? the fluorescence, a phenomenon referred to

as the primary absorption effect (Birdsal et al., 1983). A consequence of the primary

absorption effect would be the derivation of incorrect dissociation constants. As a result

corrections to the fluorescence measurements were made according to Birdsall et at,

(1983) as follows:

Corrections for protem controls: Fl == Fobs - Fccn (3.1)
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Corrections for dilutions: F2 = FJ xV elVj (3.2)

Correction for the primary absorption effect: Fact= F2 X 10(Aex + AemJI2 (3.3)

where FI and F2 represent fluorescence values after corrections to equations 3.1 and 3.2

respectively. Fact is the actual fluorescence, Fobs is the observed fluorescence, and Fcon

is the fluorescence of the control. V f and Vj are the [mal and initial volumes respectively,

and A.x and Aem are the absorbance readings at the respective excitation and emission

wavelengths. The correction for the primary absorption effect can only be used for

sufficiently low absorbances of the ligand at the excitation and emission wavelengths (A

< 0.2).
The dissociation constant was then determined via the generation of a double

reciprocal plot similar to that used in a Lineweaver-Burk graph:

l/AF = ~I [AFmax(L)] + 11AFmax (3.4)

where .6.Fis the difference in fluorescence intensity between the ligand-bound protein and
that in the uncomplexed form . .6.Fmaxrepresents the maximum ligand-induced change in

fluorescence of the protem, and K, is the dissociation constant.

By plotting 1/.6.F against lI(L) the K, is determined directly via extrapolation to

zero lIAF, where the intercept on the l/(L) axis is equal to -1Il<.J.
The concentration of the PZQ bound to the Sj26GST was then calculated

according to Lee (1982):

4 = {(~ + nP! + LJ - [(~ + 11Pt + LJ2 - 4nPtLJ1I'2} /2 (3.5)

where 4 is the bound ligand, 4 is the total ligand, P, is the total concentration of

protein, and n is the number of sites on the enzyme to which the ligand binds. One PZQ

molecule is bound per dimer of Sj26GST (McTigue et al., 1995). The occupancy of tl1e

protein by the ligand is then calculated by plotting ~/nPt versus ligand concentratio-t.

3.7 UNFOLDING/REFOLDING AND CONFORMATIONAL STABILITY

CALCULATIONS

All unfolding/refolamg experiments were performed at room temperature in 20

mM sodium phosphate buffer, pH 6.5, containing 0.1 M NaCl, 1 mM EDTA, 2mM
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DTT, 0.02 % NaN3• Final concentrations of dimeric Sj26GST ranged from 0.2 to 20 p.M.

Prior to commencing the experiment, Sj26GST 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 ions over time (Hagel et

al., 1971), stock solutions of urea were prepared fresh according to Pace et al. (1989),

and the pH adjusted (pH = 6.5) using a minimal volume of concentrated NaOH. In the

unfolding experiments, the protein was added to well-vortexed solutions of buffer with

urea (O~8M), to fmal volu.mes of 1 mi. The solutions were incu.bated for 1 hour, which

was well past the previously determined equilibrium time of 10 minutes. Fluorescence

intensities were measured by specifically exciting the tryptophan residues at 295 nm and

measuring the emission wavelengths at both 335 and 355 nm. In the refolding studies,

unfolded protein (20 p.M in 6 M urea) was diluted la-fold with buffer and no urea.

Both tryptophan fluorescence spectroscopy and enzyme activity were used to

monitor the unfolding of the protein.

The absence of any intermediates in the unfolding pathways of many proteins, as

shown in Pigure 3.1, facilitates the assumption of a two-state unfolding mechanism:

F<=>U

where only the folded state F, and the unfolded state U are assumed to exist in significant

concentrations in the transition region, and Ip + Iu = 1, where IF and Iu represent the

fraction of protein present in the folded and unfolded conformations respectively.

Therefore, the observed value of Yobs (e.g. enzyme activity, tryptophan fluorescence) at

any point will be Yobs = YFIF + yufu (3.6)

where YF and Yu represent the values characteristic of the folded or unfolded states

respectively. Both YF and Yu are respectively calculated from the pre- and post-transition

according to the following straight line equations:

YF = mx + c
and Yu = mx + c

Combining these equations yields:

Iu = (YF - Y~"s)!(yF - Yu)

(3.7)

(3.8)

(3.9)

where Iu is the fraction of unfolded protein, and Yobs is the observed signal, i.e,
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fluorescence intensity ratio F355/F335, or the percentage residual enzyme activity.

The equilibrium constant of denaturation Ko was calculated for a dimeric protein

according to the method of Bowie and Sauer (1989) as follows:

x,= 2Ptll'u/ (1 - iu)] (3.10)

P, is the protein concentration

and ~Go= -RTln Ko = -RTln [(yp - Yobs)/(YobS ~ Yu)] (3.12)

here R is the gas constant (1.987 cal l("l mol") and T is the temperature in degrees

Kelvin. The equilibrium unfolding curve was then iteratively fitted via a least-squares

algorithm (Sigma Plot version 5.0, Jandel Scientific) to the following equation:

f(x) == a I [1 + e (b(x· C»] + d (3.13)

where a is the range of the meanju, b is the slope coefficient, c is the urea concentration

at maximum rate of change, d is the minimumji., e is the exponential function, and x is

the denaturant concentration.

By assuming 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:

~GD = .6.GO
H20- m [denaturant] (3.14)

where ~GDH20represents the difference in Gibbs fr -e energy between the unfolded and

folded protein in the absence of denaturant, and m the slope of the line is the change in

accessible area of the protein upon unfolding.

3.8 UREA GRADIENT GEL ELECTROPHORESIS (UGGE)

In UGGE a uniform sample of either native or denatured protein is

electrophoresed through a slab polyacrylamide 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 applied protein band will

raigrate in different concentrations of urea, thus altering the rate of interconversion

between the native and denatured states. The sieving effect of the gel causes the unfolded

protein conformations .0 migrate more slowly than do the more compact folded
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Figure 3.1. Solvent-induced unfolding transitions: where a is the specific optical rotation

at 295 run. The equations for Yr and Yo give the value of a for the folded and unfolded

states respectively, where urea is the molar urea concentration (Pace et al. 1992),
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A. Acrylamide-bisacrylamide stock:

30 g of acrylamide

0.8 g of bisacrylamide

Water to 100 ml

conformations. This technique therefore provides a continuous two-dimensional pattern

of the effect of urea on the shape of the protein, and is especially 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, Creighton, 1978),

as well as for non two-state unfolding/refolding mechanisms (Creighton, 1986, Yu et al.,

1995).

Solutions and recipesfor urea gradient gels:

The following solutions, with volumes and amounts having been adjusted to suit

the apparatus used, were made up according to the method of Goldenberg (1990)

a. Stock solutio..

B. 100 ml 0.5 M Tris-bicine (both components at 0.5 M, pH8.4)

C. 4 mg of riboflavin dissolved in 100 ml of water.

D. Ethanol solution for overlaying gels:

20 ml of ethanol

80 ml of water

2 mg of bromophenol blue

b. Recipes for gel solutions
o ~ Urea, 15% acrylamide

10 ml of 30% acrylamide stock (~:,1ution A)

2 ml of 0.5 M Tris-bioine buffer (solution B)
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2.5 ml of riboflavin stock (solution C)

5.5 ml of water

24 JLI of N,N,N',N-Tetramethylethylenediamine (TEMED) (added after

de-gassing, and just before casting of gels)

8 M Urea

9.6 g of solid urea

7.3 ml of 30% acrylamide (solution A)

2 ml of 0.5 M Tris-bicine buffer (solution B)

2.5 1."1l of riboflavin stock (solution C)

0.8 ml of water

24 ILlof TEMED (added after degassing, and just before casting gels)

3.8.1 Casting Transverse Gradient Gels

The linear urea gradient gels (80 X 80 rom) were prepared as previously described

(Creighton, 1986; Goldenberg, 1990) and as shown in Figure 3.2. An increasing urea

gradient, in a gel of uniform acrylamide composition, is known to cause a continuous

decrease in the electrophoretic mobility of a protein in the absence of any unfolding

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 acrylamide gradient.

By exploiting density differences between different concentrations of urea, the gel

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

bottom of the casting box (to a height of 2 em), followed by 3 ml of the 0 M urea

solution. The linearly increasing urea gradient was then formed by mixing identical

volumes (9 ml) of tile 0 and 8 M urea solutions in a well stirred beaker, together with

the concomitant removal of the mixture by the pump. The 8 M urea solution was then

pumped into the casting box until the boundary between solution D and the 0 M solution

had reached the top of the glass plates (equivalent to a 1 em 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> pump and sealed, and the top of the casting box was covered with

"cling wrap". All tubing was well flushed with water. The fluorescent lights in the room

were turned on, and the gel in the casting apparatus was left to photo-polymerise

overnight with riboflavin as catalyst.

3.8.2 Sample Preparation, Application and Electrophoresis

After polymerisation and the removal of the gel cassettes from the casting box,

and the tape and spacers from the cassettes, the gels were turned 90° relative to their

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

electrophoresis apparatus which facilitated the running of two gels simultaneously. The

gels were pre-electrophoresed for 1 hour at 20 mAo Samples of native protein (50 p.g of

protein, 10% glycerol and 0.002% bromophenol blue) and of denatured protein (50 p.g

of protein, 36 mg of urea) were prepared. Both samples were made up to final volumes

of 75 p.l with 0.05 M Tris-bicine running buffer, pH -- 8.4, which ensured good

mobility of the Sj26GST in the electric field (pi = 5 (Walker et al., 1993». The: samples

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

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

were stained in Coomassie Brilliant Blue.

3.9 SlZE-EXCLUSION mGH PERFORMANCE LIQUID CHROMATOGRAPHY

(SEC-HPLC)

Exploiting the molecular sieving properties of a variety of porous materials,

molecules may be separated on the basis of their molecular size and shape (Corbett and

Roche, 1984). Combining this technique with a high performance liquid chromatography

system reduces the time taken for an elution profile from hours to minutes, without

compromising resolution. The hydrodynamic volume of Sj26GST, at different urea

concentrations (0-6 M), was measured at room temperature by analytical SEC-RPLC
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Figl\lre 3.2. Preparation of urea gradient gels using a three-channel peristaltic pump. The

glass plates are held in the perspex casting box. The gradient is formed by pumping from

the low urea concentration solution in the mixing vessel into the casting box, using two

channels of the pump, while simultaneously mixing the high urea concentration solution,

pumped through a single channel of the pump, with the low urea concentration solution.

The solution in the mixing vessel is vigorously stirred with a magnetic stirrer. The

volume of the gradient is chosen to allow 1 em regions at the top and bottom of the gels

(as the gels are oriented for casting) which contain 0 and 8 M urea. respectively

(Goldenberg, 1992).



using an isocratic urn model 2150 HPLC system, coupled to either a Tosohaas

G2000SW or BioRad Bio-Sil SEC 250-5 column at a flow rate of 0.5 nil/min, All buffer

solutions were degassed and filtered through a OA5-micron nylon filter. Samples of 20

p.M Sj26GST 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 using a Spectra series UV 100 detector.

3.10 THERMAL GRADIENT GEL ELECTROPHORESIS (TGGE)

TGGE can be applied to analyze conformational transitions and sequence

variations of proteins, nucleic acids, and protein-nucleic acid interactions (Birmes et al.,

1990). A linear and higbly reproducible temperature gradient is established perpendicular

to the directions 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 conformation of a protein. To

monitor structural changes of biomolecu1es spectroscopic methods, hydrodynamic

techniques and observation of changes in chemical reactivity, have been applied. TGGE

has the advantage in that it can fractionate, in the same experiment according to size and

shape, as well as monitor structural changes. Therefore in principle, studies on the

structural transitions of macromolecules may be carried out with high resolution, without

purifying the biopolymer of interest (Riesner et al., 1989).
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3.10.1 Gel Casting

The gels were cast by assembling the two glass plates (300 x 300 mm) separated

by spacers 1 mm thick and 10 mm wide. The spacers were recessed from the edge of the

plates _ 1 the plates were then clamped to maintain their alignment. A molten solution

of 2% agar ,;~,S added to the outside of the spacers. The gel was then positioned at an

angle (If '.::0 , and the gel solution (comprising 12.5% polyacrylamide, 0.29%



bisacrylamide, 2 mM DTT, 100 mM NaCI, 1 mM EDTA, and 0.075 M boric acidlO.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 et al., 1990) was due firstly, to the pH

being well above the pI of Sj26GST (see section 3.8.2) and secondly, in most buffers an

increase in temperature and hence reaction enthalpy results in an increase in proton

dissociation and a decreaseo pH. At 50°C the drop in the chosen 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 (glycine/NaOH, pH 9.4) pH units.

The TGGE was performed as previously described by Birmes et al, (1990), but

with the gel placed vertically against the aluminium gradient forming block, electrically

insulated by a thin layer of teflon sheeting. Protein (250 p.j!, in a fmal volume of 1 mI,

containing 10% glycerol and 0.002% bromophenol blue) was added across the top of the

gel and electrophoresed at 50 V for 30 minutes in order to allow for ~t.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 protein into the gel. Electrophoresis was halted and a

linear gradient of 200e to 80°C was allowed to form for 30 minutes, by passing water

at 5°e through one extreme of the block, and at 85°e through the other extreme.

Electrophoresis was then continued at 350 V for 5 hours while maintaining the

temperature gradient. Gels Were stained with Coomassie Brilliant Blue.
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3.11 DIFFERENTIAl, SCANNING CALORIMETRY (DSC)

Following the introduction of the first scanning calorimeter (Privalov and

Khecldnashvili, 1974), dramatic advances in the understanding of the unfolding of

macromolecules resulted. The Differential Adiabatic Scanning Microcalorimeter ModeJ-4

(DASM-4) comprises two near-perfectly matched platinum 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 is increased/decreased at a constant rate,

the two cells maintain thermal equilibrium with each other. Exploitinr this aspect, a



typical scan is carried out by injecting the sample into one cell, and the reference buffer

into the other. The run is then commenced, with the twr- cells "striving" to maintain

thermal equilibrium with each other. At a specific temper ature, the macromolecules in

the sample cell begin to unfold in an exothermic reaction 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 attemnts 10 compensate for this effect by additional

heating to the reference cell. This energy ~"...t is recorded in micro-watts (W = calis),

and it is in fact this energy input of the reference heater which gives the classic DSC

thermograms.

Calorimetric measurements were conducted on a DASM-4 (Mashpriborintork,

l'v:0SCOW). See Privalov and Potekhin (1986) for additional background to its

construction. Just prior to DSC experiments, all S:26GST samples were buffer exchanged

on a PM-10 column (Pharmacia) with 20 nir'll; sodium phosphate buffer, pH 6.5, to

remove DTT which interfered with the baseline. Final protein concentrations ranged from

7.7 to 50 p.M. Both the sample and buffer 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 cells was then sealed and pressurised with nitrogen. Inorder to check the Tm

for scan rate dependence, the heating rate was varied at 0.5. 1, and 2°C/fL...... and

corrected for instrument dynamic response according to Freire et al. (1990). Data were

collected every 0.1 min and stored to disk for further processing. Instrument baselines

were determined by scanning the heat capacity versus tempe re, with buffer in both

reference and sample cells. Baselines were subtracted from the raw data before further

analysis, Attempts at fitting th- l)SC curves to a multi-state reaction mechanism were not

possible as the data fitted well to the following two-state reaction scheme:
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Where K is the equilibrium constant Which is defined as a function of .6.H, .6.Sand

the partial specific heat capacity .6.Cp•The equilibrium constant can be expressed in terms



of the Gibbs Helmholtz free energy as follows:

K = exp (-ilG/RT)

ilG = .6.H + ilCp(I' ~T0 - T{.1.S + ilCp In(T/T0 - R In (2CJ}

(3.15)

(3.16)

Here .6.H and ilS are the enthalpy and entropy changes at reference temperatures TR'

The enthalpy changes (L:.Heal) were calculated by integrating .1.Cp vs. temperature over

the transition interval, taking the protein concentration into account . The protein

concentration is considered because bH is expressed in cal/mol; the calories are derived

from the .1.Cpwhich is the apparent heat capacity change from the initial state Plnilial to

the final state Fjirmh' The number of moles are expressed as:

n = CS, where C, is the protein concentration in molarity (M) and V = 0.4623 ml,

which is the actual volume of both the sample and reference cells (within 1p'! of each

other).

The equilibrium constant K therefore differs from a conventional equilibrium

constant as the molar concentration term C, has been included.

The molar enthalpy and entropy changes for the unfolding process were obtained

by fitting the equations (3.17 & 3.18) to the experimental data.

ti2 =( -K+ (K2 +4K)1/2) 12 (3.17)

Here a2 is the fractional amount of species Fjinal = a12~

C, is the total concentration of the dimers which dissociate to 2 unfolded monomers in

Ffinal: and in terms of the law of conservation of mass al + til = 1.

The fitted molar heat capacity function (.1.Cp) Which represents the DSC data can

be expressed in terms of az. All and .1.Cpas follows:

.1.Cp = .1.H (daz/dT) +az ACp (3.18)
Tm values were defined as :

Tm ::. .6.H I [L'lS - R 10 (2CJJ (3.19)

where Tm is the midpoint of the transition, and R the gas constant (1.987 cal/mol/K)

.1.Hvll values at individual protein concentrations were calculated from the integrated

LlHcal curves, where:

(3.20)

where m is the number of monomers in the native protein. therefore for a dimeric
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protein:

.LlliYH = 6RT;(daidT) (3.21)

Here da2/dT can be expressed in terms of the change in temperature (~T) between the

pre- and post-transition of the integrated Lillcah as indicated in Figure 3.3.
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Figure 3.3. Calculation of the .6.iIVH from the integrated DSC curve. The temperature

difference (.6.T)is calculated between the pre- and posHransition and then applied to
equation 3.21.
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 AGGREGATION OF Sj26GST UNDER NON-REDUCING CONDITIONS

Sj26GST, as expressed by the pGEX-2T plasmid, has a tendency to undergo

oxidative aggregation when extracted and purified under non-reducing conditions.

SEC-HPLC elution profiies result in only the native dimeric Sj26GST 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 larger aggregates (60% native &

40% aggregates), as indicated in Figure 4.1A. Furthermore, SDS-PAGE in the absence

of ,8-rnercaptoethanol indicated the presence of a high molecular mass aggregate (73 kDa)

in addition to the monomer (26 kDa) for protein not purified under reducing conditions

(Figure 4.1.8). All aggregates disappeared when DIT was present indicating a reversible

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

native dimeric (10,8 ~mollmin/mg) and aggregated enzyme (9.4 ~mol/rnin/mg). Sj26GST

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

disulphide bonds (Lim et al., 1994; McTigue et 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 et al., 1995) indicate the four cysteine

residues per Sj26GST subunit to be highly exposed to solvent (Figure 4.2). The

formation of intermolecular disulphide bonds involving some of these cysteines could

therefore explain the oxidative aggregation observed for the protein, as well as the

reversal of aggregation by treatment with reducing agents. 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

cysteines, while those of the outer circle are spaced too far apart (> 2A) to facilitate the
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Figure 4.1. SEC-HPLC profile and SDS-PAGE of aggregated Sj26GST. A 20 p.M

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

protein (Figure 4.1A), where N is the native protein (52 kDa), A is the aggregated

protein (73 kDa) and V is the void volume (160 kDa). Figure 4.1D represents an SDS-

PAGE of aggregated Sj26GSTwhich was loaded onto the gel in the absence (lane 2) and

presence (lane 3) of ~-mercaptoethano1.Both lanes show predominant species of the 26

kDa protein with 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 Sj26GST.

The degree of exposure iiS calculated 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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Figure 4.3. Schematic representation of the aggregation of Sj26GST. Only 3 disulphide

bonds (.) are able to form in the inner subunit circle of the aggregate, with subunits on

the outer side positioned too far apart to facilitate disulphide bond formation.

Denaturation of the aggregate by heat and SDS results in the formation of the disulphide-

linked 73 kDa species together with 3 individual 26 kDa species. The lower amount of

aggregated protein in the SDS-PAGE relative to that of the SEC-HPLC is attributable to

the added contribution of the 3 x 26 kDa species which migrate together with the

unaggregated protein.
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formation of inter-subunit disulphide bonds. The combined effects of the SDS without

the reducing agent causes the native dimers to denature into their 26 IDa monomers.

Each 160 kDa aggregated molecule would then result in three 26 kDamolecules and one

73 kDa aggregated molecule. Thus explaining the higher proportions of native protein

to aggregated protein in the SDS-PAGE (40% aggregated/2 = 20% + 60% native =

80% native and 20% aggregated in the SDS-PAGE). The four cysteines appear indomain

II; Cys84 is located near the subunit interface while the other three residues are clustered

together on the surface of domain IIon the opposite side of the active site. Because 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 clustered cysteines to the peptide linker (with thrombin

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

reported obstruction of specific cleavage of GST-fusion proteins that have undergone

oxidative aggregation (Abeliovich and Shlomai, 1995).

4.2 UREA-INDUCED UNFOLDING/REFOLDING REACTION

4.2.1 Reversibility of Unfolding (Structure and Function)

To study unfolding under equilibrium conditions it is necessary to show that the

process is reversible (Pace et al., 1985). Tryptophan fluorescence and enzyme activity

were used as structural and functional probes to monitor changes in 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 maximum at 335 nm which shifts

to 355 run 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 a

hydrophobic and quenching environment in the folded protein (Teal, 1960). Refolding

of the denatured protein by a tenfold dilution in non-denaturing buffer resulted in a blue
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Figure 4.4. Reversibility of the unfolding of Sj26GST. Excitation was at 295 nm and the

emission wavelength scan ranged from 300 to 400 run. In all instances the protein was

in 20 mM sodium phosphate buffer, pH 6.5, containing 0.1 M NaCl, 1mM EDTA, and

0.02% NaN
3
• The unfolded protein, U (20 p.M in 6 M urea) was diluted 10-fold

(refolded protein it), thereby equalling the concentration of the native protein, N (2 I'M

in U.6 M urea). All measurements were performed after equilibrium was attained.
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shift from 355 run to 335 nm (Figure 4.4). About 90% of the emission intensity at 335

nm was recovered when compared with untreated folded protein. Furthermore, 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 fluorescence unfolding data resulted incoincident

and monophasic unfolding curves, once the raw data ill 1•.. ire 4.5 A had been refined

(Figure 4.5B). The midpoint of the unfolding transition increased to higher urea

concentration with increasingprotein concentration (Figure 4.5B insert). The monophasic

and coincident transition curves for fluorescence and activity data, and the protein

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

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

the Sj26GST in the absence of denaturant as shown in Figure 4.6. Table 4.1 gives some

of the conformational stabilityproperties derived from the unfolding of Sj26GST together

with similar data available for other GSTs.

In order to conceptualise the meaning 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 extrapolation method (LEM), must be attained.

The unfolding curves in Figure 4.5B describe an increase in the fraction of

unfolded species as a function of the urea concentration. In the transition region of the

unfolding curve one sees an increase in the unfolded species per unit change of urea

concentration. The smaller the change in urea concentration through which the protein

unfolds, l.e, moves from OIl fraction of unfolded species to III unfolded species, the

higher is the cooperativity; the em value therefore implying that 1/2 of the population

of protein molecules are unfolded.

The LEM of Figure 4.6 describes a decrease in the AG as a function of an

increasing urea concentration. This decrease is due to the SUbstitutionof protein-prntein

non-covalent interactions for that of protein-solvent interactions. The breaking of these

94



Figure 4.5. Urea-unfolding curves for Sj26GST. Tryptophan fluorescence (0) and

enzyme activity (II) were used to monitor the lJnfo~dingof 2 ItM Sj26GST. The

unrefined data in Figure 4.5A shows the percentage residual enzyme activity and the

fluorescence ratio of unfolded to folded (F355/F335) protein. The em value of the

fraction of unfolded prote-in(FJ inFigure 4.SB occurs at 4.5 M urea. The insert shows

the protein-concentration dependence C Sj26GST stability against urea at O.2/LM (x),

2/LM (e) and 20/LM (0)
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Table 4.1. Conformational stability parameters of various GST classes. at different

protein concentrations.

GST Protein Concentration' AGO(H2O) m-value Cm-value

(liM) (kcallrnol) (kcal/mollM) (M urea)

Sj26GST 20 26.0 ± 1.7 4.5 5

pGSTPl-lt 1 21.6 ± 2.5 3,1 4.45

hGSTA1·1* 1 27.5 ± 3.8 4.2 4.6

*By compensating for protein concentration effects (equation 3.10) similar AG values

(± 1.7 kcal/mol) were obtained at all three Sj26GST concentrations of Figure 4.5 (insert).

t(Dirr and Reinemer, 1991)

*(L. Wallace, unpublished 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

(LlASA) (Schellman, 1978), which has been found to increase linearly with an increase

in amino anid number (Myers et al., 1995). This dependence {)f the AG as a function of

urea concentration is then specified by the slope of the graph, and is termed the

parameter Ill. The larger the change in .6.Gper unit denaturant concentration, tbe larger

would be the D.umber of broken interactions. Hence the more advanced the Unfolding of

the protein would be, the greater would be the cooperativity of unfolding. Therefore, as

a function of urea concentradon, a large change in Fu (i.e., fraction of unfolded species

over a small urea concentration rang- would then be comparable to a large change in AG

(AASA) over the same range of urea.

The experimentally determined Ill~value of 4.5 kcal moI-1M-1 at 20 pM protein

concentration compares fairly well with a value of 4.92 kcal/mol per M urea calculated

from (Myers et al., 1995):

III = 374 + O.l1(AASA) (4.1)

where AASA is the change in solvent accessible surface area upon unfolding (MSA ._

-907 + 93(number of amino acid residues) = 41129AZ).

4.2.3 Unfolding/Refolding 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 folded dimer

(Az) , inactive folded monomer (A), and unfolded monomer (U) are significantly

populated at equilibrium:

2U

where K, = [A]l/[AJ is the equilibrium constant for the bimolecular dissociation

reaction, and K2 = [lJJ/[A] is the equilibrium constant for the unrnolecular unfolding

reaction. The folded monomer is assumed to have a tertiary structure similar to that of

the dimer subunit, but is catalytically inactive because the dimeric structure 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-glutamateof GSH bound to the other subunit,

as shown in Figure 2.5.

In model 2, only active folded dimer (A) and unfolded monomer (U) are
significantly populated:

x,
A2 # 2U

where K, = [U]2/[A:z]is the equilibrium constant for the bimolecular concerted

dissociation and unfolding reaction.

The experimental data presented here (i.e., the coincident structural and enzyme

activity data, protein-concentration dependence, monophasic transitions) support Model

2 which describes a highly co-operative and concerted two-state pathway for tlu,

equilibrium unfolding/refolding of Sj26GST. The size of the protein or the amonnt of its

surface area exposed to solvent upon unfolding is the major structural determinant for the

nt-value (Schellman, 1978; Alonso & Dill, 1991; Myers et al., 1995). The magnitude

of the m-value is also indicative of a highly co-operative two-state unfolding/refolding

process (Pace, 1986). Conformational stabilities for dimeric proteins generally range

between 10 to 27 kcal mol"M·j which is significantly higher than those for monomeric

proteins (Neet and TimID,1994). The large stabilisation energy of the dimer is usually

attributable to the interactions at its subunit interface and gives a rationale for the

formation of oligomers (Neet and TimID, 1994). Molecular recognition for dimerisation

of the different types of GST monomers is strictly gene class, specific with no known

interclass dimers, (Dirr et al., 1994; Jones and Thornton, 1995; J.Hornby unpublished

results). As in all other GST structures, intersubunit contacts in the Sj26GST dimer are

formed primarily between domain I of one subunit and domain 11 of the other. The

interface has extensive hydrophobic patches at either end and is hydrophillic near the

dimer 2-fold axis. The most prominent hydrophobic interaction at the interface is the

anchoring of the phenyl ring of Phe51 located in a loop after alpha-helix 2 in domain I

of one subunit into a hydrophobic pocket between alpha-helix 4 and alpha-helix 5 in

domain II of the adjacent subunit. This lock-and-key feature is also conserved at the
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dimer interface of class alpha/mu/pi enzymes but is absent at the more hydrophillic

interface in sigma and theta class dimers.

Recently, a new method for identifying and analysing statistically significant

residue clusters (basic, acidic or of mixed charge) that occur in 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 advantage of this method is in the identification of

the mixed charged clusters which would appear neutral when charge potentials are used.

This method has been applied to rGSTM3-3 (PDB accession code 2GST) which, while

not only belonging to the class mu, has in addition a 42% sequence identity with

Sj26GST. The analysis shows that no significant charge cluster exists in either of its

subunits, but involves a mixed charged cluster at the interface between the two chains.

Consequently, the mixed charged cluster is thought to be essential in contributing 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 (J. Stevens, unpublished

results). Of the 15 residues in rGST3-3 which form an intersubunit charge cluster, only

3 of the topologically equivalent residues in Sj26GST are conserved (Arg72, Arg88 and

Glu95), with no conservation of charge occurring in the other residues. At this stage,

however, the contribution of the individual interactions towards the conformational

stability of GSTs is unknown.

4.2.4 Effect of Binding PZQ

Dimerisation of Sj26GST creates a solvent accessible cleft along the 2-fold axis

which has been shown to function as a binding site for the non-substrate ligand, and

antischistosomal drug, PZQ (McTigue et al., 1995). PZQ makes contact with Gln66,

Gly96, Leu99, Aspl00, Tyrl03 and Argl07 of subunit A and also Tyrl03 of subunit B.

In the light of the contactsmade by PZQ to Gln66 and Aspl00, both of which are
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Figure 4.7. Determination of the dissociation constant, ~ for PZQ. The fluorescence
quenching technique described in section 3.6.2 was used to determine the K.J.
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Figure 4.8. Urea unfolding curves for Sj26GST in the presence and absence of 1?ZQ.

Tryptophan fluorescence was used to monitor the unfolding of 2 p.M Sj26GST in the

presence (circles) and absence (triangles) of PZQ. The ratio of unfolded to folded

(F355/F335) protein is shown in (A) and the fraction of unfolded protein (Fu) in (B).



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 (lGTA)

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 has been inferred by others that PZQ inhibits enzyme

activity (Mc'Tigue et al., 1995; Meyer et al., 1995; Cameron et al., 1995). Despite

tightly binding PZQ (K.J = 9 ± 1.8 I'M PZQ, as calculated from Figure 4.7), no

reduction in enzyme activity was found to occur in the presence of 100 I'M PZQ. A

higher concentration (SaOI'M PZQ) has also been reported to not reduce enzyme activity

(Walker et al., 1993).

In order to discern the effect of a saturating concentration of PZQ (450 I'M) on

the stability of Sj26GST, a conformational stability study was carried out {Figure 4.8).

No difference in the stability of the protein in either the presence (26 kcal mol") or

absence of PZQ (26 kcal mol") was discernible. A least squares superimposition

(Hendrickson, 1979) of the ligand free and PZQ bound Sj26GST indicates no gross

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

the two SUbunits is however reduced from 23 to 19 upon binding the drug. Elevated

conformational stabilities of dimeric proteins relative to monomers are well established

as being due to intersubunit interactions (Neet and Timm, 1994). The most dominant

hydrophobic interaction between the two subunits, that of the Phe51 lock-and-key

interaction, is not affected by the presence of PZQ (Figure 2.3). The absence of any

changes in stabilities in either the ligand-bound or uncomplexed Sj26GST highlights tile

difficulties involved in attributing protein stabilisation to the effect of specific bonds. (An

addendum dealing with reservations, expressed by one of the reviewers, regarding this section and section

4.3.5 have been included on page 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 spectroscopic probes, can be found using urea

gradient gel electrophoresis (Creighton, 1986). UGGE was therefore used in order to

ascertain whether any intermediate conformational states were present along the

unfolding/refolding pathway of Sj26GST. Figure 4.10 illustrates the electrophoretic

behaviour of the protein when applied across the gradient of urea in the folded state
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Urea (M)

Figure 4.10. Urea-gradient gel electrophoretograms for native Sj26GST (A) and unfolded

Sj26GST (B). The urea gradient (0 - 8 M) is perpendicular to the direction of

electrophoresis from cathode to anode. Transition occurs between 4 M and 5 M urea.

105



Figure 4.11. Urea gradient electrophoresis patterns expected for some folding transitions.

The protein applied to the gel is either fully folded (left) or unfolded (right). The

apparent rate constants for the transitions are described as "fast" or 11slow" relative to the

dr ration of the electrophoretic separation. The equilibrium midpoint is near the middle

of the urea gradient in each case (Creighton, 1986).
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(Figure 4. lOA) and in the unfolded state (Figure 4. lOB). The protein bauds in the two

electrophoretograms are very similar, showing a single transition between 4 and 5 M

urea. Utilising both folding and unfolding electroplioretograms, a scheme has been

developed for describing the rate of unfolding/refolding, and the presence of any

intermediate species (Creighton, 1986, Mitchell, 1976). Figure 4.11 is a representation

of the scheme taken from Creighton (1986). The discontinuity between the bands of the

native and unfolded Sj26GST indicates that unfolding and refolding are relatively slow

on the time scale of the electrophoresis near the transition midpoint (i.e. . .:hetwo states

are in slow equilibrium, allowing for their accur ulation). The similarity of the two

electrophoretograms would however imply that the unfolding/refolding process is not

quite as slow as represented in Figure 4.l1d, but the lack of continuity in the transition

region would preclude it from a Figure 4.11a style of unfolding/refolding.

4.2.6 Size-Exclusion HPLC (SEC~HPLC)

SEC~HPLCis useful for studying protein unfolding/refolding due to its ability to

resolve changes in the hydrodynamicvolumes of macromolecules and therefore, to detect

the presence of kinetically stable intermediate states provided that they are stable within

the time scale of the chromatographicrun (Corbett and Roche, 1984). Figure 4.12 shows

elution profiles of Sj26GST 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 other at the retention time for the unfolded monomer. The

midpoint of the unfolding transition appears at 4.85 M urea and is similar to the midpoint

value obtained by tryptophan fluorescence (Figure 4.:, Folded intermediates (such as

a folded monomer) were not observed.

'!..3 THERMAL UNFOLDING

The unfolding/refolding of a protein is dependent on the energetics of protein

structure, and hence the thermodynamics thereof. The unfolding of small singlc-domaiu
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N = Native Dimer
U = Unfolded Monomer
M = Folded Monomer

U

U
N

Figure 4.12. SEC-HPLC elution profiles of Sj26GST with increasing concentrations of

urea. 20 JLM Sj26GST was incubated for 1 hour at different concentrations of urea and

applied to a SEC-HPLC column equilibrated with the same concentration of urea. The

expected position of folded monomer if it had been observed is indicated by M.
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proteins is well approximatedby a two-state transition (Privalov, 1979). Their unfolding

is however uot exactly two-state, in that some intermediate states are present, but their

populations are usually less than 5% (Freire and Biltonen, 1978, Privalov, 1979). In

order to determine the two-state behaviour, a test of cooperativity needs to be applied.

Only in the temperature-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 enthalpybeing equal to unity. No rigorous test for the cooperativity

of denaturant-induced unfolding of proteins exists, since this would require the

measurement of the number of bound ligands (denaturant molecules) to the protein upon

unfolding (see ego Ptitsyn, 1995b). Therefore the application of a two-state transitior,

m.odelfor the solvent Induceddenaturation is based on indirect evidence which may lead

to error (Pfeil and Privalov, 1976, Makhatadze and Private 1992). Accordingly, all

thermodynamic characteristics of protein unfolding, obtained by solvent-induced

denaturation, should be considered with caution (Makhatadze and Privalov, 1992). Due

to the energetics of the protein's structure being understood as a difference between the

folded and unfolded state, it is vital that the denaturation results in complete unfolding.

As previously pointed out (Shortie, 1996), complete unfolding of the protein is only

expected to occur in very high concentrations of chemical denaturant. The problem

though is the large interaction of denaturant with protein, Which is not well understood

(see Makhatadze and Privalov, 1995 and the references therein). As a result, numerous

empirical methods nave been developed which exclude the effect of the interaction of the

protein with denaturant molecules, from which certain thermodynamic information may

be deduced (see the method of Pace, 1986 by which the conformational stability in this

thesis was derived). This method males use of the assumption that the process under

investigation occurs in a two-state manner. Furthermore, the methods of linear

extrapolation to zero denaturant concentration are not always well-substantiated /Pace,

1986). The only parameters Whichmay be obtained by testing protein stability against

chemical denaturant are the concentration of denaturant corresponding to the midpoint

of the transition (em), the effective value of the Gibbs energy difference between the

folded and unfolded states, and the parameter m specifying change in accessible surface
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area. This information is however insufficient for the quantitative analysis of the protein

structure.

Due to all the reservations regarding solvent-induced denaturation, heat was

chosen as a denaturant as it provides more complete thermodynamic information

(Makhatadze and Privalov, 1992).

4.3.1 Thermal Inactivation of Sj26GST

The loss of enzyme activity of Sj26GST with increasing temperature is shown in

Figure 4.13A The midpoint of the transition (45-55°C) occurs at about 51PC. These data

are similar to that reported for hGSTP1-1 (Tm - 52°C) (Kong et al., 1993).

l1u

4.3.2 Thermal Gradient Gel Electrophoresis (TGGE)

TGGE was performed in order to trap any intermediates that may have occurred

along the thermally induced unfolding pathway. The behaviour of Sj26GST When

electrophoresed across a temperature 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 unfolded Sj26GST

indicates that unfolding is slow on the time scale of the electrophorests near the transition

midpoint, thus allowing for their accumulation, and is similar to the DOGE 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 et al., 1990).

4.3.3 Ultraviolet (UV}-Mclting and Differential Scanning Calorimetry (DSC)

4.3.3.1 UV-Melting

UV-meltlng curves are extensively used in deriving thermodynamic parameters
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Figure 4.13. Profile of decrease in enzyme activity (A) and thermal-gradient gel

electrophoretogram (B) of Sj26GST. In (A), 50/tg of the enzyme was incubated at each

temperature for 10 minutes, and the remaining activity assayed in 0.1 M potassium

phosphate buffer, pH 6.51 ImM aSH, ImM CDNB. The transition occurs between 45°C

and 55°C. In B, native Sj26GST was electrophoresed through the gel with a linear

thermal gradient from 20°C to 80°C perpendicular to the direction of electrophoresis,

from cathode to anode. The transition occurs between 45°C and 55°C. The transitions of

both (A) and (B) coincide.
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from DNA (Marky and Breslauer, 1987). In order to monitor the melting (unfolding) of

a protein, heated at a constant rate, the increase in absorbance of buried chromophores

(phenylalanine, tyrosine and tryptophan) upon unfolding was monitored at 280 tun. The

UV-melting curve for Sj26GST and its first derivative are shown in Figure <1-.14,and

have transition midpoints (T.J of about 58°C. The highly symmetrical derivatised melting

curve indicates a monophasic transition from the folded to unfolded protein. After the

scan the protein was found to have aggregated. Because urea-induced unfolding of

Sj26GST did not result in any absorbance increase at 280 nm, the UV-melting curve

could be attributed to aggregation rather than the increased exposure of the 3 types of

chromophores, Upon unfolding only a small absorbance increase is expected at 292 urn

(Schmid, 1990). In addition, numerous techniques are used to determine the

concentration of a protein by making use of its absorbance at 280 nm (Layne, 1957;

Perkins, 1986). None of these techniques requires the denaturation of the protein.

4.3.3.2 Differential Scanning Calorimetry (DSC)

Reliable thermodynamic information which describes the protein's unfolding can

only be obtained by direct calorimetric measurement of the heat capacities of the native

and denatured states of the protein. Since enthalpy and temperature are conjugate

thermodynamic extensive and intensive variables, calorimetry is especially importaat for

studying temperature 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 a rigorous test for the presence of intermediate states

during the temperature-induced unfolding, i.e, on its correspondence to a two-state

transition. A small deviation of the observed process from a two-state transition does not

affect the precision of the calorimetrically derived enthalpy and entropy differences

between the states. Applying the indirect equilibrium analysis in solvent-induced

denaturation would render the results useless if there were any deviation from an

assumed 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 defmitive technique for

establishing the presence or absence of intermediate species along the unfolding pathway

of macromolecules. For reviews see Privalov & Potekhin, 1986; Sturtevant, 1987;

Freire, 1994. The DSC curve for Sj26GST, indicates that the protein unfolds in a single

transition where Tm-values are dependent upon protein concentration (Figure 4.15).
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Figure 4.14. UV-melting curve of Sj26GST. A solution of Si26GST was heated at a

constant rate of 1lie/min, and the absorbance at 280 run (- - -) measured continuously.

(_), first-derivatised curve of the A2so data.
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4.3.3.2.1 Scan rate dependence

Rescanning the sameSj26GSTsample after completing the run, indicated the base

line to be flat with no thermal effect visible on the DSC curve. Consequently, thermal

denaturation of Sj26GST can be regarded as being irreversible (Freire et al., 1990).

Although the interpretation of DSC data are based on reversible processes, the validity

of applying equilibrium thermodynamics to irreversible processes has been indicated

(Privalov, 1982;. Sturtevant, 1987), provided that the Tm values of the excess heat

capacity curves, and their shape are independent of scan rate, (Freire et al., 1990;

Sanchez-Ruiz, 1992) i.e, that the denaturation process is not kinetically controlled.

In order to check for scan rate dependence, identical new samples of 15 /tM

Sj26GST were scanned at three different rates, and the data summarised in Table 4.2

The existence of scan rate effects can be attributed to the instrument dynamic

response (Freire et al., 1990). This slow time response of differential scanning

calorimeters results in the distortion of the shape of the heat capacity function, and is

more pronounced for sharp transition peaks and for instruments performed at fast

scanning rates (Freire et al., 1990).

In the case of a stronglyrate-limited, irreversible DSC transition (see for example

Galisteo et al., 1991), protein concentration effects may still be expected to occur if the

dissociation of the native multimeric 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

dependence, (in the absence of scan rate independence) docs not provide evidence that

the denaturation process is not kinetically controlled (Sanchez-Ruiz, 1992). Ideally, the

scan rate should be infinitely slow in order to combat this effect (Freire et al., 1990).

However, proteins are susceptible to being further destabilised when maintained at

constant elevated temperatures (Freire et al., 1990 ). Refer also to this study where

thermal inactivation of enzymeactivity (10 minute incubation at each temperature) results

in a midpoint of denaturation approximately 10°Clower (Tm- 50°C) than that found for

the DSC or UV-melting (Tm "'" 6(\OC),where the scan rate was l°C/min.
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Table 4.2 Effect of scan rate on the Tm value of Sj26GST. The Tm values Were corrected

for the dynamic response of the DSC according to the method of Freire et al. (1990).

Scan Rate (OC/min) Tm (OC) Corrected r; (±0.2 DC)

0.5 58.9 60.0

1 59.6 60.3

2 61.7 60.5
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4.3.4 The Unfolding Pathway of Sj26GST and the Implications of the

Thermodynamic Parameters

Deconvolution of the curves in Figure 4.16 indicate that the melting of Sj26GST

is a two state process (i.e., intermediates are present in negligible amounts). Table 4.3

lists the thermodynamic parameters derived from the fitted DSC scans. The correlation

of r = ~HVH/ AReal = 1, provides very strong evidence that the unfolding process is

two-state (Sturtevant, 1987). Furthermore, the slope of a linear van't Hoff plot as shown

in Figure 4.17 (Sturtevant, 1987), yields a MlvH =;: 192 kcal.mol. This is in reasonable

agreement with AReal = 227 kcal/mol (i.e., r = AHvHI ~Heal = 0.85), supporting the

assumption of a two-state process (Sturtevant, 1987). The average ACp(1779 cal mol"IKI)

is due to the hydration of non-polar residues upon unfolding (Privalov and Gill, 1988;

Myers, et al., 1995). This value has been found to increase linearly with the mc'ecntar
mass of the protein, and consequently it is possible to predict the ACp (M:'ers. et al.,

1995) by using the following algorithm: ACp = -251 + 0.19(AASA). '\.4.2)

For Sj2.6GST the theoretical ACp = 7563 cal mol"iK-l, which is approximately

four-fold that of the value which was experimentally derived (average ~Cp = 1779 cal

mol"lKI). Since Sj26GST does not have an inordinately low number of buried nonpolar

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

would appear that the denatured state of the protein is not fully unfolded. Incomplete

unfolding has previously been reported " 'ier proteins when heat is used as a

denaturant (Ptitsyn, 199~ , with the non-uicque structure of the denatured protein

explaining the large standard deviation (SD) found in the ACp values (SD = 739 cal

mol-1KI).

The major destabilising component of a protein's stability is the conformational

entropy(AScor.1. Because there are many more arrangements of the flexible, thermally

agitated unfolded chain than for the compact folded molecule, ~Sco[)fis always positive

(Baldwin and Eisenberg, 1987), where,

~Sconf ;: kin w [amino acid number] (4.3)

where k is the Boltzmann constant = 1.98 cal mol-1K-1 and w is the number of accessible
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Temperature "C

Figure 4.16. Deconvolution of the DSC unfolding curve, DSC curves were

deconvoluted according to the method outlined in section 3.11. The raw Qat" together

with the fitted curve are shown for each protein concentration (A, B and C). The noise

level in the 7.7 JtM Sj26GST sample was too high to facilitate successful curve fitting.
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Table 4.3 Table of thermodynamic parameters calculated from the fitted DSC data.
____ .00- ______

Concentration of t.h"tal t..Hvu TIL AS ACp

Sj26GST (JLM) (keal/mol) (kcal/mol) (K) cal mol"K" cal mol'lK'

50 220.3 229 334.4 344 1236

2S 223.1 237 333.4- 348 2621

10.6 238.0 231 332.6 372 1481

Average 227 233 354 1779

Standard Deviation ±9.5 ±3.8 ±14.7 ±739.1
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In ct

Figure 4.17. Arrhenius plot for the calculation of the aHVH' The slope of the In C, vs

lIT
m

(where Cl is the total protein concentration; Sturtevant, 1987) yields a .&iYH == 192

kcal/mol, Le. r == AHyH/AHc;al == 0.85, supporting the two-state unfolding assumption.
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states in which the system can exist. The value of w for r: peptide bond has been taken

as 4 (Dill, 1985; 1987). Therefore, from equation number ASeonf = 1191 cal mol"lK-',

i.e, approximately 3 times the experimentally determined AS.

Further evidence of incomplete unfolding due to aggregation lies in the results

of the UV -melting experiment. The increase in absorbance was attributed to the exposure

of buried tyrosine, tryptophan and phenylalanine residues. However, unfolding the

protein 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 upon

unfolding at 292 nm (Schmid, 1990). In addition, numerous techniques which are used

to determine the concentration of a protein make use of its absorbance at 280 nm (Layne,

1957; Perkins, 1986). None of these techniques requires the denaturation of the protein.

Therefore, it would seem that the massive •ucrease in absorbance at 280 nm is

attribut.able to aggregation of the protein. If this is so, then interestingly enough, the

aggregation begins with the onset of the transition in Figure 4.14. Thereby implying that

the protein is already aggregating at that early stage of the transition, thus explaining the

low ACp values derived from the DSC where conditions are identical. The results of the

Uv-melting, nevertheless appear to provide excellent evidence for two-state unfolding

using aggregation as a probe.

Several mechanisms have been suggested 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, destruction

of disulphide bonds, or deamination of asparagine or glutamine residues, and 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 denaturation (eg. urea) and

then rediluting out the denaturant), they are sometimes referred to as pseudo-irreversible

(Freire, 1990), but for the analysis of the DSC data, or other thermal studies, these

conformational transitions are regarded as being irreversible.

121



A comparison of both the native and PZQ bound Sj26GST (15 J.LM Sj26GST

incubated overnight with 150 J.LMPZQ) thermograms are shown in Figurea.Is. No

changes in either the Tm or shape of the curves was discernible in the ligand-bound

protein. This data is in agreement with the urea-induced denaturation of Sj26GST in the

presence of PZQ, where no change in the stability was detected when compared to that

of the ligand-free protein. (Further discussion of this section is included in the addendum on page 158)

4.3.5 DSC in the presence of PZQ

4.4 CRITERIA FOR TWO-STATE UNFOLDING

Both solvent and thermal-induced unfolding of Sj26GST has been found to occur

in a two-state manner. Various models have been reviewed which address the basis and

criteria for the two-state cooperativity of protein folding (Chan et al., 1995). 1 , with

reference to this review that some of the experiments in this thesis are addressed.

Since the 1950's, 'three main models have been proposed to account for the

two-state cooperativity of protein folding.

Model L "Helix-coil theory", (Schellman, 1958; Zimm and Bragg 1959; Poland

and Scheraga, 1970) which is due to the local interactions among near neighbours in the

sequence. The helix-coil cooperativity has been dismissed as being the principal basis for

the unfolding/refolding of globular proteins because it is not two-state (Chan et al.,

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

with ,B-sheets. In addition, no evidence exists that helix formation precedes the formation

of a hydrophobic core in the folding pathway of proteins.

Model 2. The "sidechain packing model" of Shakhnovich and Finkelstein (1989)

has attributed cooperativity to the jigsaw-puzzle-like complementary fits of side chains.

This model has also been criticised (Chan et al., 1995), as not being the basis of folding

cooperativlty since exact models (Dill. 1995) give no evidence that sidechain freezing is

two-state. The side chain complementaritles in proteins are also generally weak.

Furthermore, the molten globule model predicted by this model is more native-like than
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No PZQ

45 55 656050
Temperature °C

Figure 4.18. DSC curves for Sj26GST in the presence and absence of PZQ. Identical

concentrations of protein (15 JLM) were scanned in the presence or absence of 150 J.LM

PZQ. No changes in the shape of the curves was discernible. The Tm values, while

identical, were lowered by 3.5 °C when both samples contained DMSO which had been

used to solubilise 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

monomers (Dill, 1995). The model is based on strong forces, and considerable

experimental evidence exists for the kinetics predicted by the model. Included in the

model is the formation of hydrophobic clusters and cores, which are concurrent with

secondary structure formation. Finally. it predicts compact denatured states with sizes

and degrees of disorder which are in agreement with experiments.

Protein unfolding/refolding for small single-domain prote'ns is known to involve

two-state transitions (Lumry et al., 1966, Privalov, 1979). These two-state transitions are

dependent on cooperativity. The cooperativity is best described by Figure 4.19 which

shows a cooperative process in which a system gradually changes from state A to B as

a function of temperature or denaturant. Figure 4.19 b, c shows the experimental

signature of a cooperative process, ie, a sigmoidal curve. Cooperativity may however be

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

are separated by a free energy barrier) 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 transitions is by an analysis of the populations.

At the midpoint of a two-state transition, two identifiable states will be populated. In

contrast, one-state behaviour is defined by a single broad population peak at the

midpoint. Whether the cooperativity of a process is one-state or two-state does not

necessarily depend on the steepness of its sigmoidal curve (Figures 4.5 and 4.8). The m-
value also serves as no criterion since the curves from exact model studies indicate that

the steepness in a one-state processes can be as large as 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, .-\.and B, such as native and denatured

states, can change populations with an increasing denaturant concentration. (a) Gradual

change, no cooperativity. (b) Cooperative transition of the one-state type. (c) Cooperative

transition of the two-state type. Both one-state 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 involving high populations of "intermediates" near the denaturant

midpoint (one-state) or whether there are two populated states and less intermediate

population (small plots at the bottom of (b) and (c) (from Chan et al.,1995).
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I 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 process.

Various methods may be used to experimentally determine two-state behaviour:

1. The most definitive method is the determination of two distinct species or

populations near the .- icfpointof the transition. In the case of slowly changing systems,

this may be done by transport methods (Cann, 1970) such as SEC-HPLC (Uversky,

1993, Figure 4.12), or gel electrophoresis (4.10 and 4. 13B).

2. Spectroscopic signal changes through the denaturation midpoint, which can be

modelled to be linear combinations of the signals from the two limiting states and

indicating two-state behaviour. If the spectroscopic signal near the denaturation midpoint

cannot be fitted as a simple linear combination of the two limiting state signals, it

provides evidence of one-state behaviour. In this case a significant population of

"intermediate" molecules may have different spectral signatures and may contribute to

the total signal.

3 . The ratio of the calorimetrically determined enthalpy (determined directly via

experime.cation and independent of a pre-supposed model) to tuat of the van't Hoff

enthalpy (determined by a pre-supposed model), provides additional evidence for

two-state behaviour (Privalov, 1979, Privalovand Gill, 1988), see Table 4.3.

4. A less definitivemeasure of two-state behaviour is the coincidence of sigmoidal

curves when different probes are used, see Figure 4.5 (Dill and Shortie, 1991).

Both points 3 and 4 are based on the assumption that both the native and denatured states

are specific. As pointed out earlier (section 1.3), the denatured state is considerably more

complex. With due considerationof the factors referred 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 a fully functional Sj26GST is

regarded as one of the four most popular systems currently in-ise (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 aggregate (Abeliovich and Shlornai, 1995)

has been attributed to the exposed cysteine residues. The localisation of the cysteines,

away from the active site, does not inhibit enzyme function and consequently a high

specific activity is not indicative of unaggregated enzyme. When dealing with fusion

proteins attached to Sj26GST, purification and storage unde reducing conditions is

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

the proteolytic cleaveage of some fu .ms from the Sj26GST tag (Abeliovich and

Shlomai, 1995).

As in the case of all dimeric proteins and other GSTs (Dirr and Reinemer, 1991;

Erhardt and Dirr, 1995; Sluis-Cremer and Dirr, 1995), Sj26GST has an unusually high

conformational stability. Folded Sj26GST monomers are thermodynamically unstable and

consequently dimerisation is critical to the protein's stability. However, binding of the

antischistosomal drug and non-substrate ligand, PZQ at the subunit interface does not

affect the enzyme's activity, stability, or its unfolding pathway. Neither does the binding

of the physiological substrate GSH 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 changes as suggested

by others (Li and Ishibashi, 1990; Nishihira, et al., 1992; Nishihira 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 binding other non-substrate

ligands does not seem to have been affected in other GST classes (R.Ohlmeyer,

unpublished results). Thus implying that the non-substrate binding site, whether occupied

or vacant, of Sj26GST as well as some other GST clasaes (alpha, pi) does not impact on
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the stability of the protein. Neither does the occupation of the site result in a different

unfolding pathway for the protein. Thereby facilitating the uninterrupted catalytic

function of the enzyme by its non-substrate Hgand binding region.

The instability of the folded monomers causes the protein to unfold/refold in a

highly cooperative two-state manner. The advantage of this high cooperativity is that

effectively every residue "feels" the stability of the entire protein (Karplus and

Shakhnovich, 1992). This cooperativity has also been regarded as affording protection

to the protein (Ptitsyn, 1995b), as it would unfold before the rapid motions of the atoms

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

structural damage. Despite this high cooperativity thermal denaturation of Sj26GST was

irreversible with the low ACp and AS values implying that thermal denaturation is

incomplete. The early onset of aggregation as seen in the UV -melting experiment

provides an answer to the incomplete unfolding of the protein.

In protein folding studies a domain is defmed as being an independent folding unit

(Privalov, 1982), and therefore, multi-domain proteins are expected to unfold/refold in

a non 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 nomenclature,

while assisting in the topological description of the protein, is not true. Furthermore,
an algorithm designed to identify domains via a number of different criteria (Siddiqui and

Barton, 1995) identifies themu GST (PDB accession code 1GST) as comprising only one

domain per subunit. Neither folded domains of Sj26GST CW. Parsons, unpublished

results), or that of folded monomers (Erhardt and Dirr, 1995 and this study) have been

found to exist. The large number of both inter-domain and subunit-subunit interactions

appears to be the underlying cause for this phenomenon.
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APPENDICES

APPENDIX A: FILE TRANSFER PROTOCOL (FfP)

FTP is a method of accessing remote computer systems and downloading their

meso The advent of modem internet browsers such as the Netscape Navigator or

Windows Explorer enable one to visit numerous home pages which provide an FrP

facility, making the procedure easier than ever before. Occasionally, FrP sites are not

accessible via internet browsers or because of congestion they may take too 10n6 tc

download files, In these instances one may use anonymous ftp described in this

appendix.

To use FrP, both ends of a connection must be running :1program that Lees

TIP services running off a UNIX platform. In order to download a file frOITL a re!.~,te

system, you must start your FrP software and instruct it to connect to the FTP software

running the remote machine. Usually when you connect to a remote system you must log

in. This means that you must be a valid user, with a username and password for that

remote machine. Because it is impossible to provide logias for everyone who wants

access to a public archive, such as the Protein Data Bank, many systems use anonymous
fip.

The following procedure may then be followed for downloading the file

pdblgue.ent from the PDB. All words inbold are to be entered by the user who should

then press the return key.

ftp> open

To: pdb.pdb.bnl.gov

Usemame: anonymous

Guest login ok, type your name as password.

Password: (enter your e-mail address which will not appear on the screen)

ftp> cd Iullrelease
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250 CWD command successful

ftp> cd uncompressed _files

250 CWD command successful

ftp> cd gn (the two letters preceding the .ent denote the directory that the file is in)

ftp> dir

-rw-r- -r- - 3root sys 182817 Dec 7 1994 pdblgne.ent

226 Transfer complete

ftp> bin (changes the format of the file to a binary code)

200 Type set to I (conformation of binary code selection)

ftp> hash

Hash mark printing on (1024 bytes/ hash mark)

ftp> led a: (local current directory set to a; i.e. where the file will be saved)

ftp > get pdblgne.ent

As the information on the file 1S now transferred the number of hash markings (#)

increase until the message:

ftp > transfer complete and the number of bytes transferred is displayed, You should

establish whether the number of bytes transferred is exa ....Iy the same as that in the me

(182817 bytes in this instance).

ftp > quit (terminates contact with the remote server)

271 Goodbye

The downloaded file is now available in the directory you selected.

Some commonly used UNIX commands which may be beneficial are as follows:

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

dir displays the directories available, the first column may have the following

appearance:

drxwxrwxrwx

-rw-rw-rw-

Only the upper string of letters is a directory and is identified as such since it begins with



the letter d.

cd change directory, include a space and type the new directory name.

cd .. in the event of you wanting move upwards in the directory tree

Note: UNIX is case sensitive so that e.g. cd is not the same as CD.

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

DIMERIC PROTEIN

Most of the GST coordinatesWhichhave been released to date have been supplier

in the dimeric form. The reason for this is that the asymmetric units in the unit cells of

the crystals were dimeric. The eluc..lation of the Sj26GST structures as well as that of

the squid enzymes (lGSQ and 2GSQ) have resulted in only a single monomer being

present in the respective asymmetric units. As a result the second monomer needed to

be generated using the matrix supplied in the heading of the coordinate file.

The procedure involved in generating the second subunit is essentially very

simple; fir: ~IY,it involves a rotation i.e. the positioning of the new monomer imo its

correct orientation, and secondly, the translation of the correctly oriented monomer into

its new position,

Two types of coordinates exist:

1 Fractional coordinates are allocated positions which are expressed as fractions of

the unit cell with the minimum value being zero and the maximum value unity.

2 Orthogonal coordinates designate actual physical positions of the atoms.

Accordingly they can be used to measure distances between individual atoms which may

be expressed in a unit of length (usually A). As a result all coordinate files are given in

orthogonal coordinates.

Carrying out the matrix transformation currently involves one of either two

methods:

Method 1 This method is easier in that the matrix facilitates the generation of the

new coordinates directly from the orthogonal coordinates without having to usc any
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fractional coordinates at all.

Method 2 The orthogonal coordinates need to be converted into fractional coordinates

before the transformation is carried out. Having carried out the transformation, the

inverse matrix of the transformed fractional coordinates is calculated which then results

in the desired orthogonal coordinates.

Both these methods require that the coordinate files be opened in a word

processing file by converting 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),

0.00000

0.00000

O.~)OOOO

IGNE 182

1GNE 183

IGNE 184

SCALEl

SCALE2

SCALE3

0.010555 0.000000 0.000000

0.000000 0.010555 0.000000

0.000000 0.000000 0.017203

the coordinates should be inspected in order to ascertain that the columns are continuous.

In the event of there being a break in the columns due to an overflow of the line,

selecting a landscape format for the page should rectify the situation. The entire remarks

section should now be deleted so that atom 1 appears at the top of the file. With the

exception of the x, y and z coordinates, all other columns as well as the connectivity

instructions at the bottom of the file should be deleted as well. In Word Perfect 5.1

column. deletion is easily accomplished by selecting the Edit - Select - Rectangle

command. The me is now saved in an ASCII text format ready for importation into a

spread-sheet programme r' 'h as Sigma Plot.

The default setting for the importation of the file into Sigma Plot (version 5.0,

Jandel Scientific) is correct, and once the file is opened it should be inspected for

continuity of the columns. Any discontinuity in the columns can almost certainly be

attributed to not having saved or opened the file in an, ASCII format and the proc-

should be repeated.
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When orthogonal coordinates are used to directly generate the new orthogonal

coordinates (orthogonal- orthogonal) then one may proceed according to the method laid

down below:

Orthogonal-Orthogonal

r ~ (a, b, c, 0) ~ 1 ~ x a + y b + z c

In the case of 2.GSQ, the supplied matrix is as follows:

-0.499960

0.866050

-0.000020

0.86605

0.499960

-0.000030

~0.000020

-0.000040

-1.0000

-0.00072

-0.00040

0.00168

From this matrix the new coordinates xz, Yz. and q are generated from the original

coordinates XI' Ylo and ZI as follows:

X2;::::(XI (0.499960) + Yt (0.866050) + Zl (-0.000020» + (-0.00072»

Y2 ;::::(x, (0.866050) + Yl (0.499960) + ZI (-0.000040) + (~0.00040»

Zz ;::::(x, (-0000020) + Yl(·0.00003) + Zl H) + (0.00168»

The new coordinates are then exported in an ASCII format for importation by the word

processor.

Open the original 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 and paste

the entire set of coordinates (atom 1 to the last hetero atom of subunit A) in the space

created by the displaced CONNECT section. Cut and delete the original set of

coordinates in what is now subunit B. Place the cursor below the word "END" i.e. the

very last word of the file and import the new coordinates fiom the spread-sheet. Cut the

new coordinates and paste them into their coinciding positions in subunit B. Ensure that

the coordinate and atom numbers coincide by moving to the bottom of the file and then

133

--------------------------------



shifting the CONNECT section upto the last HETERO atom. The tile should nnw be

saved and the result viewed.

Orthogonal-Fractional-Orthogonal

The second method is carried out using the same principle, only that once the

fractional coordinates are generated.by the matrix function, they are then adjusted

according to the details supplied with the matrix. In order to return to fractional

coordinates the inverse matrix is used. The programme Matlab (Matrix Laboratories)

provides a very easymeans of carrying out this procedure. Importantly, Matlab requires

a semicolon (;) after each z coordinate. Upon exporting from Sigma Plot the facility

exists to insert the semicolon. It therefore is easier to go the word processor-Sigma Plot-

Matlab route in order to carry out the transformation.

Differentiating between the two types c - transformations is easily carried out by

inspection of the matrix itself; the end result of the conversion of orthogonal to fractional

coordinates will have values ranging between 0 and 1. On the other hand, the conversion

of orthogonal to orthogonal coordinates involve matrices where the numbers are

considerably larger, as can be seen by comparing the matrices of 2GSQ (method 1) and

1GNE (method 2).
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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 there are

essentially the same number of interactions in both the uncomplexed and PZQ-bound

dimer would seem to imply that this situation would lower the affinity ofPZQ for the

GST, or might possibly mean that the PZQ would bind equally to dimer and "native."

monomer. Since PZQ cannot bind the unfolded monomer, the ligand would be

expected to effect the apparent stability of the GST by simply shifting the equilibrium

towards the native dimer. Alternatively, destabilisation of the protein could occur by

shifting to an intermediate which is more easily destabilised. Finally, precedents of

bound ligands not stabilising a protein towards denaturation were requested.

ADDENDUM

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

would be altered as has been shown for other GST classes in the presence of G-site

ligands (see ego Erhardt and Dirr, 1996), and secondly, the unfolding pathway would

remain unaltered. From Figure 4.8 and 4.18 the first possibility may be ruled out. The

second possibility should then result in a shift in the Cmvalue (with constant m-value)

of Figure 4.8 and be similar to that observed for protein concentration dependence of

Figure 4.5 (insert), or alternatively result in a shift in the Tm value of Figure 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 eliminates this option as well. This absence

of change in either the unfolding pathway em-value for Figure 4.8 and ~Hcal for Figure

4.18) or midpoint of unfolding (C; or TJ would seem to imply that, upon ligand

binding, no change in the protein-solvent interactions are occurring which affect either

the protein's stability or its unfolding pathway. An overlay of the PZQ-bound and

unbound Sj26GST, as shown in Figure 4.9, indicates no conformational changes of the

protein upon ligand binding. While the number of contacts between the two subunits

of Sj26GST are reduced from 23 to 19 upon binding PZQ, it would consequently

appear that the disruption of these contacts are not critical to the protein's stability or

unfolding pathway.

Regarding other examples of bound ligands not stabilising a protein towards

158



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 not affected the DSC thennograms. Solvent-induced denaturation studies

of class pi GST in the presence of other non-substrate ligands have also had no real

affect upon the unfolding pathway of this enzyme (R. Oh1meyer, unpublished results).

Therefore, irrespective of whether the non-substrate ligand binding site is occupied or

vacant, neither the unfolding/refolding pathway or the stabiiity of Sj26GST and many

other GST classes is affected by the presence or absence of non-substrate ligands.
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