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THESIS SUMMARY

The equilibrium denaturation of recombinant porcine growth hormone (pGH) demonstrated

that pGH does not follow a simple two-state folding mechanism, but is consistent with the

framework model of folding (Bastiras and Wallace, 1992), Stable intermediates observed

were similar to other non-human growth hormones and characterised as compact and

largely o,-helical, yet lacked native-like iæfüary structure; characteristics of the molten

globule state. The detection of intermediate states along a protein's folding pathway, is

crucial to understanding the principles of protein folding. To further understand the folding

mechanism of pGH, this thesis describes the acid-induced denaturation and folding kinetics

of recombinant pGH, 3 site-directed mutants þGH analogues) and recombinant rat growth

hormone (rGH).

The acid-induced denaturation of pGH, in the absence and presence of 4 M urea, was

monitored by a variety of physicochemical techniques. Changes in l':';füary structure were

followed bV (i) UV absorption spectroscopy (including second derivative analysis), (ii)

intrinsic tryptophan fluorescence and (iii) near-IfV circular dichroism. Secondary structural

changes were followed by far-UV circular dichroism. Changes in the hydrodynamic radius

self-association were followed by size-exclusion chromatography and analytical

ultracentrifugation. The hydrophobic dye 1-anilinonapthalene-8-sulfonate (ANS) was also

used to probe conformational changes upon acidification. Acidification alone (pH 8'0 to

pH 2.0) of pGH resulted in changes in intrinsic fluorescence, LfV absorbance, and near-tfV

CD, with transitions centred at pH 4.1. At plH'2.0, a red shift in the fluorescence emission

maximum of approximately 3 nm and a 15% loss of the far-UV CD signal at 222 rtm

implied that the protein did not become extensively unfolded. Acidification in the presence
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of 4 M urea resulted in similar pH-dependent transitions, however, these occurred at a

more alkaline pH. At pH 2.0 + 4 M urea, an 8 nm red shift in the fluorescence emission

maximum suggested that unfolding was greater than in the absence of urea. Sedimentation

equilibrium experiments in the analTrtical ultracentrifuge showed that native pGH and

partially unfolded intermediates reversibly self-associate. The model of association of the

partially unfolded intermediates in the absence and presence of 4 M urea was different.

These results demonstrate that acidification of pGH in the absence or presence of 4 M urea

induced the formation of molten globule-like states with measurable differences in

conformation.

Previous equilibrium denaturation studies of recombinant bovine growth hormone (bGH)

showed that a peptide fragment corresponding to helix 3 of bGH could inhibit molecular

association (Brems et a1.,1936). The amino acid sequence encompassing the third helix of

pGH is identical in sequence to helix 3 of bGH except for a leucine to glutamine

substitution at position 121. The fragment composed of residues 96-133 from native pGH

was isolated by partial tryptic digestion and subsequently purified by reverse phase HPLC.

The presence of this pGH fragment during the acid-induced denaturation of pGH was

found to reduce the self-association of partially unfolded intermediates at pH 2.0 in the

presence of 4 M urea, but had no significant effect on self-association at pH 2.0 in the

absence of4 M urea.

The acid-induced denaturation of the 3 pGH analogues and rGH was characterised. In

terms of acid-mediated pafüal unfolding, the four proteins in this study, similar to wild-

type pGH, possess folding intermediates with classic characteristics of the molten globule.

Experimental evidence suggested that the mutations invoked subtle differences in

-ll-



conformation between the intermediates, which were dependent on the solvent system

employed.

The folding kinetics of pGH, the 3 pGH analogues and rGH were studied using

stopped-flow fluorescence spectroscopy. Specifically, the intrinsic fluorescence of the

single internalised tryptophan at position 86 within helix 2 (Trp86) was used to monitor the

folding mechanism. Kinetic experiments employing the single-jump method were

analysed. Concentration jumps from 5 M to 1.5 M Gdn-HCl and 0 M to 4 M Gdn-HCl for

refolding and unfolding, respectively, were employed. For wild{ype pGH refolding, two

kinetic phases, accounting for the total expected amplitude were resolved. Unfolding

experiments resulted in one kinetic phase representative of approximately 600/" of the

expected amplitude change. An un-observed phase, more commonly termed 'burst phase'

accounting for the remaining amplitude, occurred within the dead-time of mixing (4 ms) of

the stopped-flow instrument. The effect of protein and Gdn-HCl denaturant concentration

was also examined. The folding kinetics of the pGH analogues and rGH exhibited

similarities in the number of kinetic phases resolved for both refolding and unfolding,

however, the rate constants differed. These results are compared to those for wild{ype

pGH and are interpreted in terms of the stability of folding intermediates.

-lll-
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A*** absorbance at xxx nm

acetonitrile

1 -anilinonapthalene- 8 -sulphonate

absorbance units of full scale

recombinant bovine growth hormone

circular dichroism

the apparent fraction of unfolded protein

fast pressure liquid chromatography

guanidine hydrochloride

hydrochloric acid

recombinant human growth hormone

high performance liquid chromatography

isopropylthio- p-D-galactopyranoside

fluorescence intensity at xxx nm

association constant

2-[N-Morphilino]ethanesulfonic acid

mean residue ellipticity

fluorescence emission maximum

recombinant porcine growth hormone

recombinant rat growth hormone

ACN

ANS

AUFS

bGH

CD

Fapp

FPLC

Gdn-HC1

HCI

hGH

HPLC

IPTG

/***

MES

M.R.E.

PGH

K^

Lnu*

rGH
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RP HPLC reverse phase high performance liquid chromatography

SDS

SDS-PAGE

Tris

TFA

sodium dodecyl sulphate

SDS-polyacrylamide gel electrophoresis

Tri s - (hydroxymethyl)methyl amine

trifluoroacetic acid
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Chapter 1. Introduction and Literature Revrew

1.1 INTRODUCTION

Now that the human genome sequence is complete, it is extremely important to understand

how a protein achieves its unique three dimensional and biologically active structure.

Investigations into the mechanism of protein folding constitute a vast and continually

expanding field. Small proteins (< 100 amino acids) can fold without populating

intermediates in an apparently two-state transition. Hov/ever, larger proteins (> 100 amino

acids) fold by a three-state transition, populating folding intermediate(s).

This thesis examines the acid-induced denaturation and folding kinetics of pGH and

analogues thereof, to investigate the formation and characteristics of the folding

intermediate(s). This literature review covers several broad categories; first a brief

overview of the forces that play an integral role in protein structure and stability is

discussed. There have been a number of models described for the mechanism of protein

folding. Advances in experimental technology combined with the development of powerful

theoretical models has been responsible for major progress in unravelling the folding

mechanisms of proteins and are briefly reviewed in terms of the classical and new view of

folding. The detection of partially folded intermediate states along a protein's folding

pathway is crucial to understanding the principles of protein folding and this review

examines in detail the formation, structure and biological significance of the folding

intermediates, with specific reference to the molten globule state. The role of folding

intermediates in vivo is also briefly discussed. Chapter I culminates in an overview of the

structure and previous work on the folding of growth hormone, and it is during this part of

the review that the aims underpinning this thesis are developed. The majority of work cited

in this review was published prior to or during 1998, pertaining to the general

2



Chapter 1. Introduction and Literature Review

understanding of these topics during the time that the project was undertaken. More recent

studies are cited where appropriate.

1.2 FORCES THAT DICTATE PROTEIN FOLDING AND

STABILITY

The stability of a protein is defined as the difference in free energy between the native and

denatured states. The minimal stability of the native state over the plethora of denatured

states is a consequence of the fine balance between those forces contributing primarily to

the stabilisation of the native state; viz. hydrophobic interactions, hydrogen-bonding, van

der Waals interactions and electrostatic interactions, and those opposing stabilisation,

specifically classical charge repulsion and conformational entropy (Dill, 1990).

1.2.1 Electrostatic Interactions

Electrostatic interactions are important in determining the stability of a protein (Tanford,

1970). They also play an important role in protein folding, flexibility and function. There

are two types of electrostatic interactions, classical and specific. Classical electrostatics

describes the nonspecific repulsions, that arise when a protein is highly charged, for

example, at extremes of pH (Tanford, 196l), and are based on the Linderstrom-Lang

model (Linderstrom-Lang, 1924). Increasing the acidity or basicity of the solution

increases the net charge on a native protein. The increasing charge repulsion destabilises

the folded protein because the charge density on the folded protein is greater than on the

unfolded molecule. No electrostatic contribution to protein stability is expected near the

isoelectric point. Specific charge interactions can also affect stability. Salt bridges (ion

pairing) are formed by spatially proximal pairs (< 3.5 Ä) of oppositely charged residues in

native protein structures. Salt bridges generally fall in the same secondary structural
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Chapter 1. Introduction and Literature Review

element, autonomous folding unit, domain or subunit. Charged residues in protein

molecules are generally located on the protein's surface (Rashin and Honig, 1984). The

few that are found buried, are often catalytically or functionally important (Barlow and

Thornton, 1933). The strength of electrostatic interactions is variable, depending on the

location in the protein structure. Buried charged groups do not generally form ion pairs but

are instead solvated by hydrogen bonds (Rashin and Honig, 1984). In recent years,

evidence has accumulated that suggests a significant component of the electrostatic free

energy difference between native and denatured states is due to a small number of amino

acids whose pKa's are shifted anomalously in the native protein (Pace et a1.,1990; Yang

and Honig, l992,Yang and Honig, 1993).

Electrostatic interactions play an important role in stabilising o-helices. The peptide bond

has a substantial dipole moment and in the o-helix the peptide dipole moments add end to

end across the hydrogen bonds generating a macrodipole. The macrodipole is orientated

such that a pafüal positive charge is located near the N-terminus and a pafüal negative

charge near the C-terminus (Wada, 1976). Many proteins fold with their o-helices aligned

in an antiparallel fashion, which results in the favourable alignment of the dipoles

(Ohlendorf et al., 1987). Statistical analysis shows that negatively charged residues are

strongly preferred in the first turn of helices in proteins (Richardson and Richardson,

19SS). In contrast, there is only a marginal trend towards positively charged residues near

the C terminus. It is unclear whether charge-helix dipole interactions at the carboxyl ends

of helices are of similar importance as at the N-terminal regions for the stability of folded

proteins (Walter et a|.,1995).
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Chapter 1. Introduction and Literature Revtew

1.2.2 Hydrogen Bonding

A hydrogen bond occurs when a hydrogen atom is shared between two electronegative

atoms. The role of hydrogen bonds in the formation and stability of the u-helix and beta

sheet is unquestionable. All groups that are capable of hydrogen bonding are in fact,

hydrogen bonded either to other protein groups or to water. Water molecules are released

to interact with each other, and specific water binding sites are formed on the protein

(Alber, 1989). The strength of a hydrogen bond depends on the electronegativity and

orientation of the bonding atoms i.e. geometric arrangement of bond angles. However, the

distribution of hydrogen bond angles in proteins is similar to that observed in small-

molecule compounds (Baker and Hubbard, 1984).

A central question in protein chemistry asks to what extent does the formation of intrachain

hydrogen bonds contribute to the stability of the folded state. In early studies the hydrogen

bond was suggested to be the most important force that contributed to the stability of the

native state (Mirsky and Pauling, 1936). However, resolving the question has been

unsuccessful due to the difficulty in assessing the energetics of solute-solute hydrogen

bonds relative to those of solvent hydrogen bonds (Dill, 1990).

1.2.3 van der Waals forces

Van der Waals forces arise from interactions among fixed or induced dipoles. These forces

are only signifîcant at close atomic distances. If atoms get too close, the electron charge

clouds overlap appreciably and electron repulsion dominates. The interiors of proteins are

tightly packed, with approximately 75Yo of adjacent atoms in van der 'Waals 
contact

(Richards, 1977). This compares to 70-78% observed in crystals of small organic

molecules and 58o/" in liquids such as water (Bello, 1978). The total number of van der
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'Waals contacts in the denatured state at any point in time would be expected to be lower

than that in the folded state because of the transient nature of the peptide-water

interactions. The additional stabilisation of the folded state provided by hydrogen bonds

and the hydrophobic effect would maintain the proximity of adjacent atoms necessary for

van der Waals contact. Van der'Waals forces contribute very little to the stabilisation of the

folded state. However, due to their ubiquitous nature and reliance on tight packing, they

may play a crucial role in stabilisation of the folded state. They may also be important in

stabilisation of the compact denatured state observed in the early stages of refolding

(Kuwajima, 1989).

1.2.4 Disulphide Bonds

Disulphide bonds make large contributions to the stability of some globular proteins by

reducing the conformational entropy of the folded state (Anfinsen and Scheraga, 1975).

The greatest stabilisation is expected by connecting residues that are distantly located in

the amino acid sequence (Pace, 1986). Disulphide bonds have been genetically engineered

into many proteins, including T4 lysozyme (V/etzel et al., 1988; Jacobson e/ al., 1992)

subtilisin (Mitchinson and Wells, 1989) and dihydrofolate reductase (Villafranca et al.,

1987), to increase the stability of the native state. Disulphide bonds have also been

proposed to provide the required stabilisation for the formation of secondary structure in

early folding intermediates. For example, comparison of reduced and non-reduced hen egg

white lysozyme showed that within 4 ms the non-reduced possessed significant structure

whereas the reduced form was structureless (Goldberg and Guillou, 1994).

6
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1.2.5 The Hydrophobic Effect

The hydrophobic effect is generally viewed as the major driving force in protein folding. In

globular protein structures, non-polar side chains are sequestered into a core, thus avoiding

contact with water. Moreover, polar side-chains tend to be located on or near the surface of

the protein.

Site-directed mutagenesis, combined with thermal- and denaturant-induced denaturation

measurements, has been used to determine the contributions of individual amino acids to

the hydrophobic effect. The A(AG) values for hydrophobic mutants increase with the

amount of non-polar surface area buried, with a raîge of values for a given type of

hydrophobic mutation (Pace et al., 1996). The range of values has been attributed to the

cavity volume with the removal of a specific group, for example a methyl (CHz) group.

The polarity of the environment surrounding the mutation also affects A(AG) (Pace et al,

ree6).

V/hile hydrophobic interactions play a major role in stabilizing the folded state of proteins,

they are also important in stabilizing the unfolded state, particularly in disulphide-bonded

proteins, where non-polar exposure to the solvent is decreased. Hydrophobic interactions

are instrumental in forcing the collapse of the unfolded state in the early stages of folding,

resulting in the non-specific formation of local secondary structure elements. For example,

in the kinetic folding of many proteins, burst-phase intermediates (molten globules formed

within the dead time of the instrument, discussed later) possess secondary structure with

the formation of a loose hydrophobic core (Ptitsyn, 1995). Interestingly, in the folding of

Barstar, the polypeptide chain rapidly collapses within 4 ms to a compact structure that has

a solvent-inaccessible hydrophobic core, yet lacks secondary and tertiary structure. This

7
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globular structure precedes the molten globule-like intermediate on the folding pathway

(Agashe et a1.,1995). The formation of a hydrophobic core with some specific native-like

packing interactions is important in stabilising the highly fluctuating molten globule (Wu

and Kim, 1998).

1.2.6 Conformational Entropy

Entropy is a measure of the freedom of a system to explore its available conformational

space. Thus, a reduction in conformational entropy is synon¡rmous with the folding of a

protein. As a protein folds, there is a loss of entropy. To overcome this unavoidable loss of

entropy, specific and favourable intramolecular or intermolecular interactions such as

hydrogen bond formation, salt bridge formation, hydrophobic contacts and disulphide

bonds must be formed.

Disulphide links stabilise proteins by reducing the conformational entropy of the unfolded

state i.e.; the number of possible conformations is decreased by the constraint of the

covalent link. Site-directed mutagenesis has been used to examine the entropy associated

with the freedom of the polypeptide backbone ("local entropy"). The introduction of an ala

--+ pro mutation destabilised the unfolded state of T4 lysozyme by 1.4 kcal/mol (Matthews

et a1.,1987). Restricting the rotation around the pollpeptide backbone lowers the entropy

of the unfolded state.

Shortle and co workers have suggested that single site mutations can exert their dominant

effects on protein stability by changing the entropy of folding. Using a model for protein-

folding equilibrium (N +-+ D¡, where Ds is the denatured state under folding conditions)

based on short self-avoiding chains of hydrophobic/polar copol¡rmers on a
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two-dimensional square lattice (Lau and Dill, 1990), they suggest that a single mutation

è,
can have alarge effect on the stability of a protein by controlling how may highly cdmpact

denatured conformations (D6) are available. The entropy of the denatured state under

strong folding conditions is therefore highly sequence dependent (Shortle et al.,1992).

At acid pH, interleukin 4 (IL-4) retains a highly ordered hydrophobic core in which most

but not all of the secondary structure is preserved. That such a core is stable is likely to be

associated with the preservation of hydrophobic interactions in the partly unfolded

molecule, and compensation for the loss of some of these interactions in the disordered

regions by an increase in chain entropy (Redfield et a1.,1994).

The loss of side-chain configurational entropy also makes a significant contribution to the

total free energy balance. Based on the entropy changes that accompany the freezing of

hydrocarbons, the side chain entropy corresponding to a methyl group (CHz) is

approximately 0.45 kcal/mol (Nicholls et a1.,1991). Frcezing of motion however leads to

an increase in van der Waals interactions and when taken into account, the effect of close

packing is estimated as 0.15 kcal/mol, favouring the folded state. Aromatic residues can

closely pack with far less reduction in side-chain entropy, leading to a larger estimate for

the net contribution of close packing, thus being an essential element of a folded protein

(Honig and Yang, 1995).

1.3 MECHANISMS OF PROTEIN FOLDING

If a protein was to attain its native three-dimensional (3D) structure through a random and

unbiased search of all possible conformations, such a mechanism would take an infinite

amount of time (Levinthal, 1969). Levinthal proposed that proteins must fold by specific

9
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"folding pathways". Since the experiments performed by Anfinsen (1973), it is been

largely accepted that the 3D structure of a protein is determined by its sequence of amino

acids - but how?

Early models describing the mechanism of protein folding predicted that protein folding

follows a specific folding pathway with an emphasis on specific structures. One of the first

proposed mechanisms of folding took the form of nucleation-growth, a variant of

hierarchical condensation (V/etlaufer, 1973). This mechanism proposed that the l':.;füary

structure of a protein rapidly propagates from an initial nucleus of local secondary

structure. In the early eighties, based on experimental evidence from several small

proteins, which possessed stable equilibrium intermediates, Kim and Baldwin (1982)

proposed that protein folding is a sequential process beginning with the rapid formation of

secondary structure followed by the collapse to a compact native-like state, before the

tertiary structure is locked into place. This proposal was aptly named the framework model

of protein folding. Indeed, many proteins (including growth hormone) have been described

as folding via this mechanism. A similar mechanism named the hydrophobic collapse

model was also introduced, whereby the hydrophobic side chains of a protein became

buried away from the solvent exterior, forming a collapsed intermediate or molten globule

species, from which the native state develops. These early models have been described as

the classical view of protein folding (Baldwin, 1995).

In terms of kinetics, the classical view is based on simple phenomenological kinetic

models (Dill and Chan, 1997). Two-state kinetics describes a single exponential time decay

monitored by an optical probe in both folding and unfolding conditions where only the

native (N) and denatured (D) states are obseryed. The resolution of multiple exponential
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functions describes a more complicated system, which requires additional s¡rrnbols to fit

the raw data. The additional symbols represent intermediate (X) conformations. The three

most important classical models are:

(1) ofÊpathway model;

X<+UeN

(2) on-pathway model;

UeXeN

(3) sequential model;

U <> Xr èXze ..o ê N,

where U represents the fully unfolded or denatured state, N the native state and X the

intermediate states (Dill and Chan, 1997). The model is chosen based on which returns the

best fit of with the experimental data. However, experiments performed to elucidate these

models only probe the average behaviour of the protein, as they are unable to resolve much

atomic detail.

While the classical view describes folding as a specific pathway, statistical mechanical

modelling describes these specific states as distributions or ensembles of individual chain

conformations and is known as the new view of protein folding (Dill and Chan, 1997).

This view replaces the pathway concept of sequential events with the funnel concept of

parallel events; a parallel microscopic multipathway diffusion-like process. A multi-

dimensional energy landscape or folding funnel best describes the folding process. In this

model there are many routes to the native state, and which pathways are populated are

dependent on the system being studied (Radford, 2000). This new view does present
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problems for monitoring transitions between ensembles that are populated simultaneously,

but it is anticipated that some pathways are likely to predominate (Lazandis and Karplus,

reeT).

1.4 FOLDING II{TERMEDIATE(S): THE MOLTEN

GLOBULE

In the late 1960's there was evidence to suggest that under certain conditions protein

molecules could possess properties that were intermediate between the rigid native state

and fully unfolded state (Aune et al., 1967;Brandts and Hunt, 1967). The concept of such

an intermediate in protein folding was suggested as early as 1973 (Ptitsyn, 1973).In 1981,

Dolgikh and co-workers (Dolgll<h et al., l98l) showed that the acid forms of bovine and

human o-lactalbumins were almost as compact as their native state with native-like

secondary structure. However, there was no rigid tertiary structure, a lack of cooperative

temperature melting and an enhanced intramolecular mobility when compared to the native

state. Due to its physical properties, Ohgushi and 'Wada (1983), first labelled this

intermediate, the "molten globule state. Q.{. B. In the literature the molten globule state has

also been referred to as a "compact denatured state" and "compact intermediate", however,

in this review I will keep with the term "molten globule").

1.4.1Formation of a Molten Globule

In equilibrium denaturation experiments, the molten globule is observed under conditions

that disrupt the native structure of the protein in a relatively mild way. Such conditions

include low pH and elevated temperature in the absence of strong denaturants, or low to

moderate concentrations of urea or Gdn-HCl, generally, at neutral pH. The removal of

ligands, lack of cofactors such as metal ions or heme groups, disruption of disulfide bonds
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or mutations can also result in the destabilisation of the native state and formation of the

molten globule.

Acid-induced denaturation of proteins has proved to be an invaluable tool in gaining

insight into the physical properties of intermediate states. The use of chemical denaturing

agents such as Gdn-HCl and urea, often lead to mixtures of native, intermediate and

unfolded protein states, thus making the study of intermediates difficult. The

transformation of some proteins at low pH to an intermediate state with properties similar

to those of the Gdn-HCl induced intermediate has allowed us to gain an understanding into

the physical properties of the molten globule. The acid-induced compact denatured states

in proteins have also been referred to as "A states" in the literature.

In acid-denaturation, intramolecular charge repulsion is the driving force for protein

unfolding. The formation of denatured states that are less unfolded than those obtained at

high concentrations of Gdn-HCl or urea are attributed to the failure of electrostatic

repulsion to overcome the favourable folding interactions, such as hydrophobic forces,

disulfide bonds, salt bridges, and metal ion-protein interactions (Fink et al., 1994). While

several proteins at low pH, which include s-lactalbumin, bovine carbonic anhydrase B and

bovine growth hormone form a molten globule, other proteins such as p-lactamase,

cytochrome c and apomyoglobin require a high concentration of salt to stabilise the molten

globule (A state) (Goto et al., 1990a,b). For these proteins, the protonation of carboxyl

groups at low pH results in intramolecular repulsion, leading to a relatively extended

conformation. The addition of anions, either as salts or by the fuither addition of acid (for

example the addition of HCI supplies the chloride ion) diminishes the electrostatic

repulsion, resulting in the preferential formation of the A state.

13-
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A systematic investigation of 20 monomeric proteins has shown that acidification results in

three different types of conformation, which is apparently dependent on the protein (Fink

et al., 1994). The hrst conformational state describes proteins that initially unfold (the

degree of which varies) and then refold into a compact or expanded molten globule

conformation. Within this first state, three subclasses have been further defined, based on

the compactness of the A state. Cytochrome c and B-lactamase undergo a cooperative

transition from pH 4.0 to pH 2.0, with a loss of both secondary structure and @füary

structure equivalent to that observed at 6 M Gdn-HCl. Further addition of HCI induces the

formation of secondary structure which is comparable to that found in the native state but

there is no apparent native-like l':ufüary structure (Goto et al., 1990a,b). Apomyoglobin

behaves similarly to that of the above proteins, however, the A state is less compact with a

radius approximately 50o/" that of the native state. The degree of secondary structure is

reduced when compared to the native state and there is negligible ßfüary structure. This

protein was labelled as a Type IB state. Acidification with trifluoroacteic acid rather than

HCI produced an A state for apomyoglobin with similar characteristics to those described

for cytochrome c and p-lactamase. The third subclass describes proteins that convert from

the native state to a collapsed, unfolded state with significant residual secondary structure,

for example ribonuclease A. Further acidification results in the formation of additional

secondary structure consistent with the formation of the A state. For all type I proteins,

acidification in the presence of salts can lead directly from the native state to the A state.

The second conformational state describes proteins that undergo a transition directly from

the native state to a molten globule at low pH and in the absence of salts. These proteins

are charucterised by a minimal transition when monitored by far UV CD but a pH-induced
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transition when monitored by near UV-CD. The archetypal case is that of s-lactalbumin

(discussed later).

The third conformational state describes proteins that maintain native like far- and near-

UV CD upon acid titration. Such proteins include T4 lysozyme, chicken lysoz¡rme,

ubiquitin and human growth hormone. A subsequent transition at low pH can be seen upon

the addition of denaturant (e.g. urea)

1.4.2 Detection Techniques

The key to de-convoluting a folding mechanism is to combine the results from different

techniques so that different aspects of folding can be probed and the results combined into

a common picture of the folding process (Dobson et al., 1994). Therefore, it is of interest

to briefly describe the techniques used today. Intrinsic fluorescence and near-IJV circular

dichroism provide information about the extent of a protein's tertiary structure, whereas

far-UV CD provides information with respect to secondary structure formation. Stopped

flow methods using these optical probes can access folding events on the millisecond

timescale. More recently, the development of technologies, which include ultra-rapid

mixing, temperature and pressure ju-p, in combination with the optical probes described

above can access folding events on the nanosecond to microsecond time scale.

Fluorescence of non-polar dyes such as 1-anilinonapthalene-8-sulphonate (ANS) provides

information on the exposure of hydrophobic surface area. Small-angle X-ray scattering

determines the dimension and shape of the protein. Information at the level of individual

residues is obtained using hydrogen exchange and protein engineering. Hydrogen

exchange coupled with detection by multi dimensional NMR can be used to determine the

location and stability of hydrogen bonds at different stages of folding, although the exact
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identity of the hydrogen bond acceptor can only be inferred. Protein engineering allows us

to determine site-specif,rc information about the role of the individual chains, for example,

the effect of an individual amino acid residue on protein stability and the role of individual

residues in stabilising intermediates and transition states.

The development of theoretical models to simulate protein folding is also advancing our

understanding of the mechanism of protein folding. Molecular dynamics can be used to

monitor protein unfolding at the atomic level and the folding of small proteins using the

computer po\Mer now available. Also used are Lattice simulations that rely on very simple

models for proteins based on polymer beads. These have the advantage of being able to

exhaustively search the conformational space.

1.4.3 Structure of the Molten Globule

The molten globule state has been described for a number of globular proteins, with the

molten globule of cl-lactalbumin, cytochrome c, apomyoglobin, ribonuclease HI, B

lactoglobulin and staphylococcal nuclease are by far the best characterised. The molten

globule of a-lactalbumin has been suggested to be the archetypical or "classical" molten

globule (Kuwajima, 1 989).

The molten globule state of many proteins has been shown to have some common

structural characteristics. The molten globule shares a similar compactness to the native

state protein. In general, the radius of gyration of the molten globule is increased by

approximately 10-30Yo when compared to the native state; the core of the protein is

loosely packed whilst the peripheral structure is more expanded (Ptitsyn, 1995). Far-UV

CD measurements have shown the molten globule to retain a relatively high content of

secondary structure, similar to that of the native state. Two-dimensional (2D) NMR studies
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have been used to establish the presence of elements of hydrogen bonded secondary

structure in which amide protons are protected from hydrogen exchange. The molten

globule of s-lactalbumin was shown to retain the native helices B and C corresponding to

the o domain (Baum et al., 1989, Dobson, 1991). The cytochrome c molten globule has

been shown to retain structure in the three main native cl helices (Jeng et al., 1990) and the

molten globule of apomyoglobin retains secondary structure associated with the A, G and

H helices (Hughson et al., 1990). The near UV-CD spectra have a significantly reduced

signal in comparison to the native state, suggesting the absence of rigid tertiary structure.

1NMR spectra of the molten globule are substantially simpler than the native state and

resemble spectra seen for the unfolded protein (Kuwajima et a1.,1986; Dobson, 1991). The

molten globule has an increased mobility. Studies of the carbonic anhydrase molten

globule have shown that small and syrnmetric aliphatic groups possess a mobility similar

to that of the unfolded state whereas aromatic residues remain substantially hindered

(Ptitsyn, 1992). Shaknovich and Finkelstein (1989) first predicted the important difference

between the mobilities. A large increase in the rate of hydrogen exchange in 1NMR studies

is consistent with large scale fluctuations of the molten globule structure, which makes

internal parts of the molecule accessible to solvent (Baum et al., 1989). Human a-

lactalbumin can adopt a molten globule conformation when one of its four disulphide

bonds is reduced. However, in this state the disulphide bonds reaffange spontaneously, but

the isomers formed maintain a molten globule like conformation (Ewbank and Creighton,

l99l), confirming the looseness of the packing of secondary structure and the lack of

tertiary interactions. The increased flexibility of the molten globule permits the exposure of

some nonpolar groups to become exposed to solvent. As a consequence of increased

hydrophobicity, nonpolar probes, typically ANS, bind the molten globule more strongly

than the native state. Indeed, the binding of ANS is commonly used as a convenient test for
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the molten globule as its binding leads to a large increase in its fluorescence. A second

consequence of increased hydrophobicity is the tendency for molten globules to aggregate.

The molten globule also exhibits a less cooperative unfolding transition compared to that

of the native state. However, this caîvary depending on the amount of structure present in

the intermediate (Ptitsyn, 1995). For example, the A-state of cytochrome c, which has been

described as a molten globule, does undergo a cooperative thermal unfolding transition

accompanied by substantial changes in enthalpy and heat capacity, suggesting that the

molten globule is more native-like than others (Kuroda et al.,1992)

The archetypical molten globule is apparently highly disordered and is similar to the

intermediate observed in the early stages of folding (discussed below). A "highly ordered "

molten globule has been described for the 4 a-helical bundle protein interleukin-  (IL-4) at

acid pH (pH 2.8). Structurally, this intermediate is more similar to the native state

compared to that of the classical molten globule. While the characteristics of the near IJV

spectra and ANS fluorescence are consistent with a classical molten globule, very little

change in both the chemical shifts and NOE's in NMR spectra for the majority of residues

are not consistent with a substantial global loss of tertiary structure. Examination of the N-

H order parameters determined from lsN relaxation measurements showed the existence of

a well defined core with the local unfolding in the N-terminal of helix C. Highly ordered

molten globules have also been described for Staphylococcus nuclease (Carra et a1.,1994)

and apoclochromes (Feng et al., 1994). This type of intermediate has been suggested to

serve as a late intermediate in the folding process. However, the highly ordered molten

globule has yet to be observed in proteins that have the "classical" molten globule and

probably reflects that molten globules differ between proteins (Ptitsyn, 1995).

-18-



Chapter 1. Introduction and Literature Review

The term pre-molten globule has also been used to describe a second equilibrium

intermediate between the native and unfolded state for p-lactamase (Uversky et a1.,1994)

and carbonic anhydrase (Ptitsyn et a1.,1995). For both proteins, at low temperature, three

stages of Gdn-HCl induced unfolding were observed. In comparison to the molten globule,

this intermediate is more expanded, has substantial secondary structure, albeit less than that

seen in the molten globule, and binds to ANS but to a lesser extent.

The retention of substantial secondary structure in the molten globule gave rise to the very

important question of whether the molten globule possesses a native-like tertiary fold or is

it compact but structureless. A single chain recombinant model of the s helical domain (o

domain) of cl-lactalbumin was constructed and exhibited characteristics of a molten

globule: substantial helical structure (CD and NMR) and a diffuse thermal transition

consistent with the inability of this domain to form rigid tertiary structure (Peng and Kim,

1994). A disulphide exchange reaction of the o domain produced predominantly native

disulphide bonds clearly indicating that the a domain has a native-like tertiary fold.

Ordered structure has also been shown within the loop moiety of the 6-120 disulphide bond

of bovine a lactalbumin (Ikeguchi et al., 1992).In a study of the structural specificity of

disulphide bonds in the molten globule state it was shown that the local region surrounding

the 28-111 disulphide bond has a high preference for adopting a native-like structure in the

molten state (Peng et a1.,1995). This data, together with the NMR data provides evidence

for the formation of a native-like tertiary fold in the molten globule rather than a non-

specific collapsed conformation.

How does a native-like fold in a molten globule form in the apparent absence of extensive

specific ::-füary interactions? The intrinsic stability of individual helices may stabilise the
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molten globule intermediate. Studies on de novo protein design show that a constructed

amphiphilic helix in some cases is suffrcient to produce four-helix bundle proteins

(Kamtekar et al., 1993). Protein stability is invoked only by the removal of the

hydrophobic surface form the solvent exterior, as tight close-chain packing observed in the

native state protein, is not present. Specific side-chain packing is an important factor in

stabilising the molten globule. Packing of the N- and C-terminal helices plays a critical

role in the kinetics of folding of cytochrome c (Cólon et al., 1996). The apomyoglobin

molten globule is characterised by the retention of helices A, G and H that form a compact

subdomain in the native myoglobin molecule (Hughson et al., 1990). The mutation of

residues that result in a decrease in the side chain hydrophobicity or introduce a charged

group into the AGH hydrophobic interface destabilised the intermediate. However, the

effect observed by the introduction of a bulky hydrophobic side was negligible' Urea-

induced denaturation of the mutants showed significant effects on the stability of the

intermediate, suggesting that the residues make energetically important packing

interactions. The o-lactalbumin molten globule is a highly fluctuating structure and it is

interesting that specific native-like packing and a native-like fold can exist. The

hydrophobic core formed by the A, B and C terminal 316 helices, play a dominant role in

stabilising the molten globule. Both non-native and native-like side-chain packing

interactions formed by hydrophobic residues are important for stabilising the molten

globule state of s-lactalbumin (V/u and Kim, 199S). Hydrophobic sequence minimisation

of the u-lactalbumin molten globule suggests that non-specific hydrophobic interactions as

opposed to specific packing interactions are sufficient for the formation of a native-like

topology. In addition, substitution of amino acids in the core of the o-lactalbumin molten

globule may increase the stability suggesting that hydrophobic interactions distinct from

native-like packing may play a role in stabilising the molten globule. These two things are
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not mutually exclusive. Non-specific hydrophobic interactions may help establish the

overall fold while specific core interactions may help stabilise the nascent structure. The

existence of specific chain packing does not exclude the importance of non-specific

hydrophobic interactions.

It has been suggested that the molten globule is a common or general intermediate in all

protein folding pathways (Ptitsyn et al., 1990). For the molten globule to be a general

intermediate, the intermediates formed from different proteins would have to be similar in

structure. With the description of a "highly ordered molten globule" and a "pre-molten

globule" this generalisation has been questioned. The refolding of acid-unfolded

apomyoglobin and staphylococcal nuclease as a function of anion concentration further

challenges the idea that the molten globule is the general intermediate in protein folding

(Fink et al., 1998, Uversky et al., 1998). For both proteins, three distinct states have been

detected as a function of anion strength (,A'1 induced by chloride, A2 induced by TFA and

A: induced by TCA). For both proteins, each state differs in the amount of structure, with

A1 having the least structured conformation and A¡ the most. The stability toward urea

denaturation positively correlated with the amount of structure and importantly the urea

induced unfolding studies showed that each state was separated from each other and from

the unfolded state, by significant free energy barriers, suggesting that they are distinct

conformational states. For apomyoglobin, the three states obtained as a function of anion

strength have been proposed to be very similar to the three kinetic states observed by NMR

(Jennings and V/right, 1993). Similarly, the Ar and A3 states of staphylococcal nuclease

have been likened to the early (burst) kinetic intermediate and the native-like transient

intermediate (Kalnin and Kuwajima, 1995, Wallenhorst et al., 1997). From this data the

authors propose that at least some proteins fold via a hierarchical path in which additional
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structural units coalesce to an initially formed core with native-like structure and that the

nature of the intermediates will be specific to a given protein. It is interesting to note that

the Ar discrete intermediate for apomyoglobin has been likened to the early kinetic

intermediate which has been described as a molten globule and similarly the A1 discrete

intermediate of staphylococcal nuclease has been ascribed to the burst intermediate, also

suggested to be a molten globule.

1.4.4 The Molten Globule as a Kinetic Intermediate

Folding intermediates have been detected on the kinetic folding pathway of many proteins

(Matthews, 1993; Evans and Radford, 1994). Measurements in the peptide absorption

region by UV CD have shown the formation of secondary structure to occur within the

dead time of the stopped-flow instrument, giving rise to a burst phase (missing amplitude).

In contrast, near try CD and NMR chemical shift dispersion, characteristic of the

formation of tertiary structure are maximal at later stages of folding. The formation of

secondary structure prior to the formation of tertiary structure is the basis for the

framework model of folding and implies the existence of folding intermediates along the

folding pathway of a protein (Kuwajima, 1989).

Evidence of kinetic intermediates has also been shown from the effect of denaturants. A

plot of the logarithm of the observed rates of folding and unfolding is typically V-shaped

for a simple two-state mechanism. A deviation from linearity in the unfolding transition at

low denaturant concentrations where the observed rate plateaus has been attributed to the

presence of an intermediate (Matouschek et al., 1990). Detailed quantitative 3-state

analysis has also shown that a linear three-state mechanism provides a self-consistent
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description for the unfolding and unfolding rates as well as the kinetic amplitudes for the

burst phase as a function of denaturant concentrations (Khorasanizadeh et a1.,1996).

Studies of the kinetic intermediates have predominantly focussed on the early (burst)

intermediate, with particular emphasis on the physical properties of the intermediates.

Using a combination of stopped flow far-UV CD, hydrogen exchange coupled to 2D

NMR, intrinsic fluorescence probes, binding of ANS, near IJV CD and NMR chemical-

shift dispersion, the early kinetic intermediate has been described as a molten globule.

Indeed, comparison of the physical properties of the kinetic intermediate with the

equilibrium molten globule intermediate of apomyoglobin (Hughson et a|.,1990, Jennings

and Wright, 1993), o-lactalbumin (Arai and Kuwajima, 1996) and RNAse H (Yamaski er

al.,1995, Dabora et al., 1996; Raschke and Marqusee,1997), have shown them to be the

same. Thus characterising the nature of the equilibrium intermediate can provide insights

into the nature of the kinetic intermediate and the folding pathway of individual proteins

There is substantial evidence to suggest that the formation of intermediates is an obligatory

step in protein folding and that intermediates are productive species that play a key role in

the search for the native state (Khorasanizadeh et al., 1996), However, the observation that

some small proteins fold rapidly without populating intermediates (Jackson, 1998), and the

observation that some intermediates are kinetically trapped, for example by non-native

heme ligands (Sosnick et al., 1994, Kiefhaber, 7995) has questioned the role of the

intermediate. Capaldi and co workers (2001) have provided evidence that the early kinetic

intermediate is indeed productive. They state that the problem arises from the difficulty in

determining the role of the kinetic intermediate experimentally. In summary, for the vast

majority of proteins, both equilibrium and kinetic data can be described equally well by
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either a productive or partially folded state (on-pathway) or, a misfolded state that must

unfold before the native state can form:

Ku¡ Kin

U <+ I <-> N (on-pathway)
K¡u K"¡

K¡u Kun

I <+ U<-> N (ofÊpathway)
Ku¡ Knu

where U, I and N are the unfolded ensemble, the intermediate ensemble and the native

state, respectively and Kiu, Kun, Kui and Kn, are the microscopic rate constants. As the

kinetic intermediate is generally formed within the dead time of measuring their formation

must be considered a pre-equilibrium step and the above schemes become

indistinguishable. Using a micro-capillary mixing apparatus, with a time resolution of

approximately 150 ¡rs, and quantitative kinetic analysis, the formation of an intermediate in

the folding of the four-helix protein, Im7 was been examined (Capaldí et al., 2001). A

single exponential phase of kinetic folding (corresponding to the burst phase with

conventional equipment) was followed by a second single exponential phase seen in the

stopped flow experiments. V/hile the refolding and unfolding data obtained by

conventional methods fitted both the on-pathway and off-pathway models of folding

equally well, the data on the submillisecond time scale did not. This data provided

evidence that burst phase intermediates are a well populated ensemble and productive on

the submillisecond time scale.

1.4.5 Physiological Role of The Molten Globule

The possible biological significance of the molten globule state of proteins is now

recognised (Ptits¡m, 1995). The native-like overall fold of a molten globule, together with

its enhanced flexibility, could facilitate the insertion into and translocation across
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membranes, chaperone mediated protein folding in vivo, cell fusion and protein-receptor

interactions (Ptitsyn, 1995). There is direct evidence for complex formation between

proteins in their molten globule state and molecular chaperones (van der Vies e/ a1.,1992;

Hayer-Hartl, et al., 1994).It has been suggested that the molecular chaperone smooths the

energy landscape for protein folding, thereby minimising the number of potential traps

(Radford, 2000). Glucosyltransferase (GÐ glucosylates misfolded or partly folded

glycoproteins, which are then retained by the endoplasmic reticulum and eventually

degraded in proteosomes. In a recent study, using a famlly of chemically glucosylated

proteins derived from chymotrypsin inhibitor-2 as Gt substrates, Gt was shown to

rccognize solvent accessible hydrophobic patches in molten globule-like conformers that

mimicked intermediate folding stages of nascent glycoproteins. (Caramelo et a1.,2003).

The cytokine Interleukin 6 (IL-6) plays a major role in the pathogenesis of inflammation

(van Snick, 1990). The environment is acidic with a pH of approximately 3.6 near the

surface of activated macrophages and contains a variety of proteolytic enzymes released by

the macrophages. The A-state of IL-6 possesses characteristics of a molten globule and is

quite resistant to proteolysis. It is suggested that the molten globule of IL-6 plays a role in

the cytokine's biological activity, which can exert its activity also at mildly acidic pH, as in

inflammation sites (De Filippis et a|.,1996).

The role of the molten globule in the progression of disease has been of great interest

(Dobson, 1995; Bychkova and Ptits¡m, 1995). For example, the two naturally occurring

human lysozyme variants (Ile56Thr and Asp6THis) are amyloidogenic and form molten

globule-like structures similar to that of a-lactalbumin, with persistent structure in the ct

domain but lack stable, native-like structure in the p domain (Booth et al., 1997). The
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authors propose a model for lysozyme fibrillogenesis in which the association of the partly

folded forms of the variants occurs through the unstable p domain. The development of

stable B structure through intermolecular association acts as a template for the progressive

recruitment of polypeptide chain into the nascent fibril. Indeed, mutations responsible for

amyloid formation in immunoglobulin light chain (Hurle et al., 1994), transthyretin

variants (McCutchen et al., 1995) and prion protein PrP(l2I-231) (Riek et al., 1996) affect

protein stability, maintenance of the hydrophobic core and tendency to aggregate.

Moreover, recent biophysical studies of betaZmicroglobulin, a protein responsible for

amyloid deposition in patients undergoing renal dialysis have shown that the molten

globule is an amyloidogenic precursor (McParland et a1.,2000; McParland et a|.,2002).

1.5 GRO\MTH HORMONE STRUCTURE

The three dimensional structure of a recombinant methionyl-pGH has been determined by

X-ray crystallography (Abdel-Meguid et al., 1987). The structure comprises four

antiparallel o-helices ananged in a tightly packed left-twisted helical bundle connected by

largely unstructured loop regions (Chapter 3, Fig 3.1). Unlike the up-down-up-down helix

connectivity for approximately 80-90% of four a-helix bundles, pGH has an up-up-down-

down connectivity. This unusual helix connectivity for pGH does not affect the alignment

of the helix macro-dipoles; helices 1 and 4 and helices 2 and3 are arcanged in pairs with

their macro-dipoles aligned favourably. This contributes to the stability of the helix bundle.

The X-ray structure of hGH has also been determined (de Vos ¿/ al., 1992); the structure,

not surprisingly is very similar to that of pGH. The only minor difference is an extra short

helix in the segment between helices 2 and 3, which has an omega loop conformation in

pGH. Determination of both structures confirms that the GHs all have a similar three-

dimensional structure.
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The arrangement of the four a-helix bundle in pGH results in a tightly packed globular

structure. The amphipathic helices have their hydrophobic faces orientated inwards to form

the hydrophobic core of the molecule. The central portion of helix 2, mostly buried within

the core of the protein is almost completely made up of hydrophobic residues. A single

conserved tryptophan residue, located halfivay along this helix, forms part of the core of

the molecule (Carlacci et a|.,1991). The IJV absorption and fluorescence properties of this

residue make it useful as an intrinsic probe for monitoring the unfolding of the protein. In

hGH, the core is mostly made up of hydrophobic residues with the exceptions of Ser79 and

Asp169 (de Vos et al., 1992). Theses residues have their side chain oxygen hydrogen

bonded to nearby residues in the core. Other hydrophobic clusters in the hGH structure can

be found between the four-helix bundle and connecting loops.

The obvious feature of the GH's is their high cl helix content. The amphipathic nature of

the helices suggests that the hydrophobic effect would be instrumental in stabilising the

tightly packed conformation. The connecting loops would also be important in stabilising

the bundle, via hydrogen bonding with the side-chains of the helices or as seen in hGH, via

hydrophobic interactions. The greater sequence divergence with the connecting loops may

explain the difference in stability between the GH species. The disulphide bonds, in

particular the Cys55 and Cys164 link which connects helix 4 to the long unstructured loop

between helices I and2, stabilise the structure by decreasing the conformational entropy of

the unfolded state. In addition, the Cys53-Cys164 bond promotes the favourable

interaction between the long connecting loop and helix 4. The favourable electrostatic

alignment of the helix macrodipoles also contributes, albeit minimally, to the stability of

the folded state. The small species sequence variation in the helical regions, results in
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different intrinsic helix stabilities, which in tum may affect the stability of the whole

molecule. It is the variation in the amino acid sequence, which determines the overall

stability and folding behaviour of the various GH species.

1.6 FOLDING INTERMEDIATES OF BOVINE AND HUMAN

GROWTH HORMONE

Bovine growth hormone (bGH) The equilibrium denaturation of bGH is a multistate

process in which at least four species are involved: native, a monomeric intermediate, an

associated form of the monomeric intermediate and the unfolded protein (Brems et al.,

1986; Havel et al., 1986; Havel et al., 1988) The monomeric intermediate has

characteristics of a molten globule: largely u,-helical, with a compact hydrodynamic radius

similar to the native state, yet possessing a i':ufüary structure similar to the unfolded state

(Brems and Havel, 1989). At elevated protein concentrations, the molten globule-like

intermediate associates, and is characterised by a unique signal at 300 nm in the near-tfV

CD spectrum. The molten globule intermediate has also been detected in kinetic refolding

studies (Brems et al., 1987a). At dilute protein concentrations the refolding rate detected

by far UV CD is faster than the rate detected by UV absorbance, indicating the existence of

a kinetic folding intermediate with appreciable amounts of a-helix. At elevated

concentrations, the kinetic intermediate self-associates and is characterised by the same

unique near-I-fV CD spectrum as seen for the equilibrium intermediate, suggesting that the

equilibrium and kinetic intermediates are the same.

At pH 2.0, bGH exhibits characteristics similar to the molten globule; little or no tertiary

structure and a 50% loss of secondary structure compared to the native state (Burger et al.,

1966; Kauffman et a1.,1989; Holzman et a1.,1990)'
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Human growth hormone (hGH) At moderate concentrations of Gdn-HCl and elevated

protein concentrations, hGH forms a stable folding intermediate, which has a significantly

high propensity to self-associate (DeFelippis et al., 1993). Although the monomer cannot

be detected, it is presumed to form due to self-association and has been suggested to be a

molten globule. ln kinetic folding studies, a multiple number of phases have been resolved

however, there is very little structural characterisation (Youngman et al., 1995). An

intermediate has also been detected at pIJ2.0 (DeFelippis et al., 1995). In contrast to bGH,

the intermediate conformation maintains close secondary and l.refüary structural similarity

to that of the native state, consistent with a highly ordered molten globule. 'When subjected

to Gdn-HCl-induced denaturation at pH 2.0, hGH forms stabilised equilibrium

intermediates with characteristics of the molten globule. Similar state(s) have been

observed in the thermal denaturation of the intermediate at pH 2.0 (Kasimova et al.,1998).
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1.7 AIMS OF THIS STUDY

A molten globule state of bGH and hGH has been observed under different experimental

conditions; an equilibrium intermediate in the denaturant-induced unfolding transition, an

acid-induced partially unfolded state and a transient folding intermediate in the kinetic

folding reaction. The intermediates of bGH and hGH, however, do differ structurally,

particularly at low pH. At the time of commencing my PhD, an equilibrium folding

intermediate with properties characteristic of a molten globule had been detected in the

denaturant-induced unfolding transition of pGH (Bastiras and 'Wallace, 1992).'With the

apparently important role of the molten globule in protein folding and the variability in

structure of the folding intermediates for bGH and hGH the overall aims of this thesis

\Mere

Ð characterise the acid induced equilibrium denaturation of pGH using a variety of

spectroscopic and hydrodynamic probes.

characterise the folding kinetics of pGH using stopped-flow technology.

characterise the acid-induced denaturation and folding kinetics of selected pGH

analogues, the major emphasis being the effect of site-directed mutants on the

intermediate state of pGH.

iÐ

iii)
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2.1 MATERIALS

Water was purified by a Milli-Q apparatus (Millipore, Sydney, Australia). FPLC apparatus,

Mono-Q HR5/5 and Superose-l2 HR10/30 columns, Q-Sepharose Fast Flow, Sephadex G-

25, and Bioprocess columns were purchased from Pharmacia Biotechnology, Uppsala,

Sweden. Cartridge prefilters were from Pall Process Filtration Ltd., Portsmouth, England.

Delta Prep 4000 Preparative Chromatography System, 486 Tunable Absorbance Detector,

Preparative LC System controller and C4 (47 mm i.d. x 300 mm; 500 ml column volume)

were all purchased from Waters, Division of Millipore, Milford, MA., USA. HPLC

apparatus was from Beckman, Beckman lnstruments Inc., San Ramon, CA., USA. C4 (10

mm i.d. x 30 mm) and Aquapore, Butyl, Silica Prep 10 (20 mm i.d. x 30 mm) reverse-

phase HPLC columns were obtained from Brownlee laboratories, Santa CIara, CA., USA.

"Ultrapure" urea was from Merck, Darmstadt, F. R. G. Ampicillin, chloramphenicol,

isopropylthio-p-D-galactopyranoside (IPTG), acrylamide, bisacrylamide, protein molecular

weight standards for size exclusion chromatography, 2-fN-Morpholino]ethanesulfonic acid

(MES) and 1-anilinonapthalene-8-sulphonate (ANS) were all supplied by Sigma Chemical

Company, St. Louis, MO., USA. Low molecular weight protein markers for SDS

polyacrylamide gel electrophoresis (SDS-PAGE), \¡/ere purchased from Pharmacia

Biotechnology, Uppsala, Sweden. HPLC grade acetonitrile was obtained from BDH

Laboratory Supplies, Poole, England. Sequence-modified trypsin (trypsin cross-linked to a

hydrophilic pol¡rmer to prevent autocatalysis) was from Boehringer Mannheim,

Mannheim, Germany. TPCK-treated trypsin was from Worthington Biochemical

Corporation, Freehold, New Jersey, USA. Ultrapure Tris-(hydroxymethyl)methylamine

(Tris) was purchased from ICN Biomedicals, IJarona, Ohio. Pre-Filters, Tlpe SS filters

and 0.2 pm filters were obtained from Millipore, Milford, MA., USA. All other chemicals

were of analytical reagent grade.
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2.2 SOLUTIONS AND BUFFERS

Cl medium 16l gILNH¿CI, 1.22 glL KzSO¿, 2.65 glL KHzPO¿, 4.33 glL Na2HPO4,0.63

g/L MgSO a,.7HzO, 20 glL dextrose.Hz0, 0.004o/o (v/v) antifoam, 0.004o/o (w/v) thiamine

solution, andtracemetals:20mglLFeSO¿,5.ImglLMnSO¿,8.6mglLZnSOa,0.75mglL

CuSOa, 44 mglL Na3 citrate.

Combination buffer 20 mM each of sodium acetate, sodium bicarbonate, MES and Tris-

HCl, pH 2.0-pH 8.0

Digestion buffer 100 mM Tris-HCl, pH 8.0

2.3 METHODS

2.3.1 Growth Hormone Production and Purification

The production and purification procedures used for generating pGH, pGH analogues and

rGH is schematically represented in Figure 2.1. and were carried out by methods

previously implemented for the large scale production of growth hormones at BresaGen

Lrd.

2.3.1.1 X'ermentation and Inclusion Body Harvesting

E.coli JM101 transfected with constructs encoding pGH, rGH or pGH analogues were

maintained on minimal agar plates containing 100 ¡rg/ml ampicillin. A single colony was

used to inoculate 20 ml of Cl medium containing 100 pglml ampicillin, and grown at

37 " C overnight with vigorous shaking. The 20 ml overnight culture was then used to

inoculate a 15 litre fermenter containing C1 medium. The freshly inoculated culture had a

starting optical density at 600 nm (ODooo) of 0.001. Induction with IPTG (0.25 mM final

concentration) was performed at an ODooo of 50 which was reached after ovemight

incubation at37"C. The fermentation \¡/as allowed to proceed for 5 hours post induction,
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then terminated by reducing the oxygen supply and temperature, before storage overnight

at4"C

The inclusion bodies were isolated from the cells by 3 passes through an APV CD30

homogeniser (APV Gaulin Inc., MA, U. S. A.) at 15,000 psi. The homogenate was then

passed through a continuous flow Verenosi centrifuge at 9,000 rpm and a flow rate of:

inclusion body diameter (pm)

0.4

inclusion body diameter (pm)

0.4

x 400 : ml/min.

x 900 : ml/min.

)

where inclusion body diameter was determined by Joyce Loebl'

The harvested inclusion bodies were diluted in 30 mM NaCl, 10 mM KHzPO¿ and

recentrifuged at a flow rate of:

2

The resulting concentrated paste was collected and used for subsequent refolding and

purification of protein.

2.3.1.2 Refolding and Purifïcation

Inclusion bodies were solubilised in unbuffered 3.75 M urea, pH 11.5, at aftnal protein

concentration of approximately 1.5 g/L. Refolding was allowed to proceed for 5 hours

followed by dilution with 3 volumes of 33 mM sodium borate, pH 9.1. The final pH was

adjusted to pH 9.1 with 1 M HCl. Separation of correctly folded, monomeric protein from
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aggregate was achieved by anion-exchange chromatography. The solution was loaded onto

a Q-Sepharose (113 mm i.d. x 44 mm) column, equilibrated with 25 mM sodium borate

(Buffer A), pH 9.1 at a flow rate of 80 ml/min. At the completion of sample loading, the

column was washed with Buffer A until the A2s6 trace stabilised. The protein was eluted

with 150 mM NaCl in Buffer A at 50 ml/min and fractions containing correctly folded

monomeric growth hormone were pooled. The pooled fractions were desalted on a 113 mm

i.d. x 300 mm column packed with Sephadex G-25M, equilibrated with 20 mM ammonium

bicarbonate, pH 9.1 at a flow rate of 50 ml/min. Fractions were collected and analysed by

size-exclusion chromatography on a Superose 12 column (Figure 2.2), SDS-PAGE (Figure

2.2, Insert) and by UV absorbance spectroscopy. Pure fractions were pooled and

tyophilised. The identity of each protein was confirmed by mass spectrometry and

N-terminal sequence analysis.

2.3.2 Acid-Induced I)enaturation

The protocols below describe the procedures used to analyse pGH, pGH analogues and

rGH.

2.3.2.1Titrations

Solutions were prepared by dissolving lyophilised pGH at pH 8.0 in either the combination

buffer or 100 mM sodium phosphate, pH 8.0, with or without 4 M urea. Titrations were

typically carried out by the addition of small aliquots (20 to 100 pl) of 1 M HCI with

continual mixing. Following adjustment to pH values within the pH range 8.0-2.0, the pGH

samples were incubated for a minimum of t hour (no longer than 5 hours) at room

temperature (25"C) and then centrifuged (12,000 x g, 10 min,25'C) prior to analysis.

Following the t hour incubation, the pH of each sample was re-evaluated and there was no
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OF CORRECTLY FOLDED, MONOMERIC pGH. Fractions from the G-25 M
column were pooled and an aliquot applied to a Superose 12 column. The single peak

(10-13.5 ml as shown above) was collected, lyophilised and analysed by SDS-PAGE

(12.5% acrylamide) under reducing conditions.
Inset: increasing concentrations of purified pGH elechophoresed and stained with

Coomassie-Blue (Lane l: low molecular weight protein markers; Lane2 1 ¡tg, Lane 3:

5 pg, Lane 4:20 ¡t'g).
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measurable change within the incubation time limits. All pH measurements during

titrations were conducted at 25 I 0.5"C using an Activon Model 209 pH meter.

To determine the reversibility of acid titrations, solutions were prepared by dissolving

lyophilised pGH at pH 2.0 in either the combination buffer or 100 mM sodium phosphate.

The pH was altered to pH values within the pH range 2.0-8.0 by the careful addition of

small aliquots of 1 M NaOH with continual mixing, and treated as described above.

Transition apparent midpoints were determined by non-linear regression analysis using

either:

kx
tro€

Equation 1 v
1-pns(1-ek)

where ne determines the "lag" of the transition, k determines the rate of increase of the

climb and B determines the amplitude of the rise (Bailey and Ollis, 1986).

Equation 2 v

(a¡+b¡pH) + (a¡+b¡pH)10-M"qtpH-MPeq)

1+10-M.q(ptl-MPeq)

where âN,bu and a¡,bp defined 1¡ (fluorescence intensity of the native state) and ,I¡

(fluorescence intensity of the denatured state), respectively. MPeq was the pH at the

transition midpoint and Meq the number of protons taken up in the unfolding transition

(Oliveberg et al., 1994). All non-linear regression analysis was performed using the data

analysis pro gram SigmaPlot (Jandel Scientific).
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2.3 .2.2 Fluorescenc e-Monitored D enaturatio n

Intrinsic fluorescence measurements were recorded at25" C on an Aminco Bowman AB'-2

Luminescence Spectrometer. All fluorescence data were obtained using an excitation

wavelength of 295 nm, to selectively excite the single tryptophan residue present in pGH.

Emission spectra were acquired in the range 3 10 to 400 nm at a scan rate of 60 nm/min and

with slit widths of 4 nm for both the excitation and emission monochromators. The

emission spectra were coffected for the Raman peak by subtracting a buffer only spectrum

from each sample spectrum. The fluorescence emission intensity at 34Q nm (I:qo) and

maximum emission wavelengths (1,-*) were read directly from the corrected emission

spectra at each pH. The concentrations of pGH used were 0.05, 0.22 and 0.5 mglml. A

concentrati on of 0.22 mglml was used for the reversibility experiments.

2.3.2.3 UV Absorb anc e-Mo nitored D enaturatio n

UV Absorbance measurements were recorded at 25"C on a dual-beam Cary 3

spectrophotometer. Spectra were acquired in the range 250 to 310 nm, with a spectral

bandwidth oî 2 nm, signal averaging time of 0.1 seconds, wavelength interval of 0.05 nm

and a scan rate of 30 nm/min. Using the software supplied (Varian), a buffer control was

converted into the automatic baseline. This was subsequently used to correct for

background absorbance in all spectra. Absorbances at 290 nm and 278 nm were read

directly from the corrected spectra. pGH concentrations were determined by measuring the

absorbance at 278 nm using an extinction coefficient of 15714 M-lcm-l (Bastiras and

Vy'allace, 1992). The change in extinction at 290 nnt (e2ee) was determined using the Beer-

Lambert Law :

A.:Cle
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where A was the absorbance at 290 ntn, / was the path length in cm and C was the

concentration in moles/litre (M).

2.3.2.4 Second Derivative Spectroscopy

UV absorbance spectra were acquired in the range 250 to 310 nm, with a spectral

bandwidth of 2 nrn, signal averaging time of 0.2 seconds, wavelength interval of 0.05 nm

and a scan rate of 15 nm/min. Spectra were coffected for background absorbance by

scanning a buffer blank and automated baseline correction by the supplied software. The

second-derivative spectra were derived from the UV absorbance spectra using an in-house

computer program written by Dr. Mark Snoswell based on a method by Savitzky and

Golay (1964).

2.3.2.5 Size-Exclusion Chromatography

Hydrodynamic radii were determined using a Superose 12 HRl0/30 column (10 mm i.d. x

300 mm) with a Pharmacia FPLC system. A stock solution of pGH (10 mg/ml) in 5 mM

sodium bicarbonate pH 8.0, was diluted to final concentrations of 0.22 mglml and 0.1

mglml in 100 mM sodium phosphate, 4 M urea, pH 8.0 and pH 2.0. Following incubation

for a minimum of t hour at room temperature, the samples were centrifuged at 12,000 x g

for 10 minutes. A 100 pl sample was injected onto the Superose 12 column pre-

equilibrated in 100 mM sodium phosphate at the same pH and urea concentration as the

sample. Protein elution was followed by the absorbance at 280 nm at a flow rate of 0.5

ml/min. Protein molecular weight calibration curves for the Superose 12 column were

determined in 6 M Gdn-HCl and utilized to calculate the Stokes radii of pGH at each pH

(Corbett and Roche, 1984).
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2.3.2.6 Circular Dichroism-Monitored Denaturation

CD spectra were recorded using a Jasco Model J-720 spectropolarimeter. Stock solutions

of pGH (8.8 and 2.2 mglml) in 5 mM sodium bicarbonate, pH 7.5, were diluted l0-fold

with either 25 mM sodium phosphate, 20 mM sodium acetate t 4M urea or 100 mM

sodium phosphate, 20 mM sodium acetate t 4M urea, which had been adjusted to various

pH values. The final protein concentrations (approximately 0.88 mg/ml and 0.22 mglml)

were determined by reading the absorbance at278 nm (corrected for light scattering at 350

nm) and using an extinction coefficient of 15,714 M-lcm-l (Bastiras and Wallace, 1992).

The absorbance at 350 nm was always <5o/o of the absorbance at 278 nm. The pH of each

diluted protein sample was checked using a narrow-bore pH probe (Amicon). Samples

were kept at 25"C using a water-jacketed cell holder connected to a Neslab RT-111

waterbath.

Far-UV CD spectra were acquired in the range 180 to 260 nm with a resolution of 0.5 nm,

bandwidth of 1.0 nm, signal averuging time of I second, sensitivity of 100 mdeg and a

pathlength of 1 mm. Six accumulations were recorded. Each spectrum was coffected for

background signal by the subtraction of a buffer blank. The raw data in millidegrees was

converted to mean residue ellipticity [0]r"rn¡ (deg. cm2. dmol-l), using a mean residue

weight of 114.5 calculated from the amino acid sequence. The mean residue ellipticity was

calculated by the equation:

[100 x Yr]
[0]¡' n,n :

IC

where [0h n* was the mean residue ellipticity at wavelength ]", Yr was the ellipticity at

wavelength l, in degrees, / was the optical pathlength (cm) and C denotes the concentration
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per residue, calculated by dividing the concentration of protein (g/L) by the mean residue

molecular weight of its constituent amino acids.

Near-UV CD spectra were acquired in the range 250 to 320 nm with a resolution of 0.5

nm, bandwidth of 1.0 nm, signal averaging time of 1 second, sensitivity of 100 mdeg and a

pathlength of 10 mm. Each spectrum was corrected for background signal by the

subtraction of a buffer blank. The mean residue ellipticity at 285 nm, [0]2s5 and 300 nm,

[0]3¡6 was determined as described above.

2.3.2.7 S edimentation Equilib rium flsing Analytic al lJltracentrifugatio n

Sedimentation equilibrium experiments were performed using a Beckman XL-A analylical

ultracentrifuge set at 25"C. The ultracentrifuge cells were fitted with Yphantis-style 6-

channel centrepieces. In each separate experiment three different concentrations of pGH

(typically, 2.0 1.0 and 0.50 mg/ml) of sample (125 ¡rl) were loaded parallel to the solvent

channels containing buffer alone (130 pl). Samples were prepared by diluting a stock

solution of pGH (10 mglml,5 mM sodiumbicarbonate, pH 8.0) into abufferwith final

concentrations of 20 mM sodium phosphate, 20 mM sodium acetate + 4M urea, pH 2.0.

Following dilution, the samples were incubated for t hour at room temperature (25'C) and

then centrifuged (12,000 t g, 10 min) prior to analysis.

Samples were centrifuged to sedimentation equilibrium at speeds of 9000-27000 rpm.

Scans were collected in continuous scan mode (0.01-cm steps, 13 acquisitions/step) at24

h intervals using wavelengths of 280-300 nm and 350 nm. The sedimentation equilibrium

was judged to have been reached when the difference in concentration distribution between
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two consecutive scans was zero. Baseline deviations were corrected by subtracting the

scans collected at 350 nm from those collected at 280-300 nm.

2.3.2.8 Sedimentation Equilibrium data treatment and model fitting

Apparent point-average weight- average molecular weight values (M*,upp) were calculated

from plots of ln[c(r)] versus 12 plots (Teller, 1973), where c(r) was the concentration of

protein (g/L) at radial position r. Plots of M*,u,, versus concentration are qualitatively

useful in assessing the self-association of a solute but substantial error is introduced into

M*,upp values through a numerical differentiation step. Therefore, as a means of assessing

the quality of the sedimentation data, and for the purposes of fitting self-association

models, the data was replotted in terms of the Omega function Çl(r) (Milthorpe et al.,

re75):

c(r)exp[Q1 Ptúr]-l)l
f,i(r):

c(rF)

al(rF)c(r)

a1(r)c(rp)

where 0r : (1-up)rti'l2Kl,õ was the partial specific volume of the protomer in g/ml, p the

density of the solvent in glmL, and r¡ the angular velocity in radians per second. Mlwas

the molar mass of the protomer (the smallest species participating in the self-association of

the protein), c(rF) was the total concentration of protein at the rudial reference position rp,

and q was the thermod¡mamic activity of the protomer. A value of 0.737 mLlg was used

for u calculated from the sequence (Abdel-Meguid et a1.,1987) using the method of Cohn

and Edsall (Cohn and Edsall,1943). The value of p was calculated from the density of the
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buffer components and water using the program SEDNTERP v1.03 (AmgÐ. In some

cases, the value of Ml used was that of the pGH monomer (21860), while in others, no

detectable monomer was present and the value of Ml used was that of the dimer (43720).

Plots of {ù(r) versus c(r) for the three loading concentrations of protein at sedimentation

equilibrium were calculated using a coÍrmon value of c(rp). Overlap of the data over the

common concentration range is a very sensitive indicator that both chemical and

sedimentation equilibrium have been attained (Milthorpe et a1.,1975;, Ralston and Morris,

1992), i.e., overlap indicates that pGH was pure and that all pGH molecules were able to

participate in the selÊassociation and no irreversible aggregates were formed.

The Omega datawere fitted with models of discrete (e.g., monomer-dimer) and indefinite

(e.g., SEK1; Adams et al., 1973) self association. For each model, the concentration of the

protomer, c1(r), was written as an explicit or implicit function of c(r). The SEK 1 model

describes the squential addition of protomers, P, where the addition of each protomer is

described by a single molar equilibrium constant, K:

KKKK
P ++ Pz.- Pr * P¿... *...Pn

c(r): c(r)l(l-kc1(r)2 if kc1(r)4

where k: Wtrl4t

For all models, the Adams-Fujita approximation (Adams and Fujita, 1963) was used to

relate the thermodynamic activity of the protomer, a1(r), to the concentration of the

protomer c1(r):

a(r): c{r)expfBMp(r)l
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where B, the second virial coefficient, is a measure of the nonideality of the solute which

principally arises from the size and shape of the solute and its effective charge in the buffer

conditions employed. With this approximation, a single value of B is sufficient to describe

all species in the self-association so that, for example, the nonideality of the solute

monomer would equal B,that of the dimer would equal 28, etc.

The models were fitted to the Omega function data by nonlinear regression (Ralston &

Morris, 1992;Morris & Ralston, 1985). Values of the thermodyramic parameters, K and B,

+ SE, were retumed where SE is the approximate (asymptotic) standard error of the

variable parameter calculated from the inverse matrix set up from partial derivative

equations of the frtting function (Cleland, 1967). Models which appropriately described the

data resulted in random distribution of residuals as determined by the runs test at the 5Yo

level.

2.3.2.9 ANS F luorescence

Fluorescence measurements were recorded at 25"C on an Aminco Bowman AB-2

Luminescence Spectrometer. Fluorescence data were obtained using an excitation

wavelength of 380 nm. Emission spectra were acquired in the range 400 to 600 nm at a

scan rate of 60 r:r¡r,/min, with slit widths of 4 nm for both the excitation and emission

monochromators. The emission spectra were corrected for the Raman peak and

background ANS fluorescence by subtracting a buffer only spectrum from each sample

spectrum. Samples were prepaled by diluting a stock solution of pGH, (1 mg/ml, 5 mM

sodium bicarbonate, pH 8.0) into the combination buffer + 4 M urea at pH 8.0 and pH 2.0

to obtain a final protein concentration of 0.05 mg/ml. Samples were incubated for a

minimum of t hour (no longer than 5 hours) at25" C, followed by the addition of 10 pl of
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100 mM ANS (final concentration 100 pM). Samples were incubated for a fuither 30

minutes then centrifuged (12,000 x g, 10 min,25 'C) prior to analysis.

2.3.3 Isolation and Purification of pGH(96-133)

2.3.3.1 Preliminary Isolation and Purification of pGH(96-133)

A stock solution of 100 pM pGH (2.2 mglml in digestion buffer) was diluted to 22.7 ¡tM

(0.5 mg/ml) in the same buffer to a final volume of 2 ml. Digestion of duplicate samples

was initiated by the addition o12 p"g of sequence-modified trypsin (Boehringer Mannheim)

in2 p"l of 10 mM acetic acid (1:500 trypsin:protein, w/w). The mixtures were incubated at

25'C for I hour. The reaction was stopped by the addition of 100 prl of glacial acetic acid.

The purification of peptides produced from the partial digestion of pGH was performed by

reverse phase HPLC (RP HPLC). Specifically, 3 pl of l}Yo TFA was added (0.1% TFA

final) to a 300 pl aliquot of the digest. The samples were then filtered (0.2 pm) and 150 ¡rl

was added to glass tubes for progranìmed injection. One hundred microlitres was loaded

onto a C4 RP HPLC cartridge (10 mm i.d. x 30 mm), pre-equilibrated with 0.1% TFA at a

flow rate of 0.5 ml/min. The digestion products were separated aL 34"C by applying a

linear gradient of acetonitrile from \Yo to 70% (vlv) acetonitrile in 0.1% (v/v) TFA at a

flow rate of 0.5 ml/min over a period of 70 minutes. Protein elution was monitored by the

absorbance at 2I4 nm (Azr+) and peptide peaks collected and lyophilised. The above

protocol was also implemented for the preliminary digest with unmodified trypsin.

However, the subsequent purification of these digest products was achieved by RP HPLC,

applyrng a linear gradient from30Yoto 600/o (v/v) acetonitrile in0.Io/, (v/v) TFA at a flow

rate of 0.5 ml/min over a period of 30 minutes. The presence of protein degradation and

selÊdigestion products of trypsin were determined in control incubations of protein and

trypsin in digestion buffer alone, under the same conditions.
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2.3.3.2 Optimisation of Partial Tryptic Digests

A stock solution of 100 pM pGH (2.2 mglml in digestion buffer) was diluted, in duplicate,

to 22.7 ¡rM (0.5 mg/ml) in the same buffer to a final volume of 2 ml. Digestion was

initiated by the addition of either 2 pg of trypsin in 2 p"I of 10 mM acetic acid (1:500

trypsin:protein, w/w) or 5 pg of trypsin in 5.0 ¡rl of 10 mM acetic acid (1:200

trypsin:protein, w/w). The mixtures were incubated at 25"C for a total of 3 hours. A 300 pl

aliquot was taken from each reaction mixture after 30 minutes and the reaction stopped by

the addition of 20 ¡rl of glacial acetic acid. Subsequent aliquots were taken and acidified at

hourly intervals after the addition of trypsin. The presence of protein degradation and

self-digestion products of trypsin were determined in control incubations of protein and

trypsin in digestion buffer alone, under the same conditions. Three microlitres of 10% TFA

was added (0.1% TFA final) to the 300 pl digestion aliquots. The samples were then

filtered (0.2 pm) and 150 pl was added to glass tubes for programmed injection. One

hundred microlitres was loaded onto a C4 RP HPLC cartridge (10 mm i.d. x 30 mm),

pre-equilibrated with 30 % (v/v) acetonitrile in 0.1o/o (v/v) TFA at a flow rate of 0.5

ml/min. Peptides were eluted by applying a linear gradient from 30o/o Io 600/o acetonitrile in

0.1% (vlv) TFA at a flow rate of 0.5 ml/min over a period of 30 minutes.

Protein quantitation was determined by the integrated peak area, based on the method

described by Buck et a1.,1989. Briefly, a standard curve was formulated to determine the

integrated peak area for I ¡rg of undigested pGH (Figure 2.3). The peak area is dependent

on the number of amino acid residues and other moieties (eg. peptide bonds) that absorb at

214 nm (i.e. the extinction coefficient). The extinction coefficient of peptide 96-133 was

determined at2l4 nm and expressed as a function of native pGH:
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FIGURE 2.3 STANDARD CURVE OF THE INTEGRATED PEAK AREA OBTAINED
AT VARIOUS pGH CONCENTRATIONS. Samples were prepared such that a 100 ¡rl
aliquot contained each of the following amounts of pGH; l, 5, 10, 50, 100 or 200 pg. Each

100 ¡rl sample was injected onto a C4 RP HPLC column, pre-equilibrated with 30Yo (vlv)
acetonitrile in 0.lYo TFA. Protein was eluted by appþing a linear gradient from 30% to
60Yo aceÍorulrile in 0.1% (vþ TFA at a flow rate of 0.5 mllmin over a period of 30

minutes. The integrated peak area as determined by the supplied software (Gold, Beckman)

was plotted as a function of the quantity of protein. The integrated peak area for 1 ¡rg was

then determined from each protein quantity, the final value being the average of the above.
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AMINO ACID

RESIDUE

EXTINCTION

COEF'F'ICIENT

TOTAL EXTINCTION

NATIVE PGH

TOTAL

EXTINCTION

pGH(e6-133)

Tryptophan 22735 22735

Tyrosine 5755 40285 57 55

Histidine 6309 r8927

Phenylalanine 7208 93704 144T6

Peptide Bonds 2846 s40740 105302

TOTAL 716391 105302

TABLE 2.1 EXTINCTION COEFFICIENT OF NATIVE pGH AND pGH(96-133) AT

214 nm.

The quantity of peptide was determined:

area of peptide

Quantify of peptide (pg): x extinction of peptide

area of 1 pg of native pGH

2.3.3.3 ldentification of Digest Products

Electrospray mass spectrometry of purified digest products was carried out on a Perkin-

Elmer SCI-EX API100 mass spectrometer by Dr. Mark Van Der Hoek, Hanson Centre for

Cancer Research, Adelaide, South Australia. The identity of peptide 96-133 was verified

by N-terminal sequence analysis on an Applied Biosystems Model 470A Protein

Sequencer by Dr Neil Shirley at the Waite Campus, University of Adelaide.
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2.3.3.4 Preparative Isolation and Purification of pGH(96-133)

The isolation and purification procedure used for generating pGH(96-133) is

schematically represented in Figure 2.4. Five hundred milligrams of lyophilised pGH was

dissolved in one litre of digestion buffer. Digestion was initiated by the addition of 1 mg of

trypsin in 900 pl of 10 mM acetic acid (1:500 trypsin:protein, w/w). The mixture was

incubated at25"C in an air chamber with slow oscillation for 30 minutes. The reaction was

stopped by acidification to pH 2.0 with 100% TFA (2 ml). A 300 pl test aliquot was

analysed as described above (see 2.2.3.2) to confirm that the digestion had produced

sufficient amounts of pGH(96 -1 33).

Prior to preparative RP HPLC separation, the acidified digest solution (1 L) was filtered

using a Millipore pre-filter (AP) preceding a Millipore type SS filter (3.0 ¡rm). The

digestion products were separated using a Vy'aters Delta Prep 4000 preparative

chromatography system. The 1 L sample was divided into 2 x 500 ml samples which were

loaded separately onto a C4 RP HPLC column (47 mm i.d. x 300 mm), pre-equilibrated

with 0.1% trifluoroacetic acid at 25 mllmin. Peptides were separated by applying a step-

wise acetonitrile gradient from 0% to 30o/o (v/v) over 20 min, 30%o to 60% (vlv) over 120

min, 60 to 80% (v/v) over 2 min, and then held at S0 % (v/v) lor 20 min in 0.1% TFA at a

flow rate of 25 ml/min. Elution of protein was monitored by the absorbance at 280 nm

(Azso). The eluate was collected in 25 ml fractions.

Fractions were assayed for the presence of the desired peptide as follows: A250 pl aliquot

was lyophilised (Speed-Vac) and resuspended in 150 ¡rl of 0.1% TFA. One hundred

microlitres was loaded onto a C4 RP HPLC cartridge (10 mm i'd. x 30 mm), pre-

equilibrated with 30 % (v/v) acetonitrile in 0,lo/o (v/v) TFA at a flow rate of 0.5 ml/min.

-47 -



FIGURE 2.4 SCTIEMATIC REPRESENTATION OF THE PREPARATIVE
ISOLATION AND PURIFICATION PROCEDURES USED FOR

GENERATING pGH(e6- 1 3 3).



Chapter 2.ll;4:aterials and Methods

Peptides were eluted by applying a linear gradient from 30% to 600/o acetonitrile in 0.lo/o

(v/v) TFA at a flow rate of 0.5 ml/min for 30 minutes. Fractions containing peptide were

pooled (approximately 100 mg of peptide), 700 mg of mannitol added (mannitol:peptide

ratio, 7:l), and then lyophilised under vacuum in a Lab-Conco freeze-dryer. Mannitol was

added at the lyophilisation stage to increase the bulk of the sample, making it easier for

further manipulations.

Approximately 50 mg of lyophilised material from the first RP IIPLC step was dissolved

in 1.5 ml of l0% (vlv) acetonitrile in}.lVo (v/v) TFA. The solution was f,rltered (0.2 pm)

and loaded (2 x 100 pl injections per run) on to a C4 reverse phase Prep 10 (10 mm i.d. x

100 mm) column pre-equilibrated with 30o/o acetonitrile (v/v) in 0.1% TFA at a flow rate

of 2 mllmin Subsequent peptide separations were carried out at 34'C with a linear gradient

of acetonitrile from 30 to 60% (vlv) in O.lYo TFA at a flow rate of 2.0 mllmin for 30

minutes. Protein elution was monitored at A21a and the desired peptide collected, as

determined by the retention time. The peptide samples from each run were pooled and

lyophilised under vacuum. The lyophilised material was redissolved in 25 ml of 10%

acetonitrile (v/v), 10 mM sodium chloride before again being lyophilised. The above step

was repeated twice, using 25 ml Milli-Q water only, to ensure that all residual TFA had

been removed, as determined by pH measurement. The amount of material was quantified

using the integrated area of the Azr¿ absorbance peak standardised with accurately

quantified pGH (2.3.3.2) and by UV absorbance spectroscopy using an extinction

coefficient at278 nm (ezzs) of 1280 M-rcm-r.
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2.3.4 Two Step Precipitation Assay

Growth hormone was incubated at an initial protein concentration of 90 ¡rM (2 mg/ml) in a

series of buffers containing 20 mM sodium phosphate pH 2.0 and increasing

concentrations of urea (0, 0.5, 1 .0,2.0,3.0, 3.5, 4.0, 4.25, 4.5, 4.75, 5, 5.25, 5.5, 5.75, 6,

6.5,7,7.5,8 and 9 M). Following a 30 minute incubation at ambient temperature, each

sample was rapidly diluted into 100 mM sodium phosphate pH 8.0 to achieve a final

protein concentration of 8.2 pM (0.18 mg/ml, 93 mM sodium phosphate) and 1 M urea.

After a further 45 min incubation, the samples were centrifuged (12,000 x g) for 10

minutes and the absorbance of the supematant measured at 278 nm against a 1 M urea

reference with the same buffer solution.

2.3.5 Two Step Precipitation Assay in the Presence of pGH(96-133)

Growth hormone was incubated at an initial protein concentration of 90 ¡rM Q mnml)

with the addition of pGH(96-133) in a l0-fold molar excess (900 ¡rM), in buffers as

described in2.3.4. As the single tyrosine residue present in helix 3 absorbs at280 nm, its

contribution to final Azzs readings was determined in a control incubation of helix 3 in

buffer alone, under the same conditions. Subsequent dilutions were performed as described

in2.3.4. The absorbance of the supernatant was measured at278 nm against a 1 M urea

reference and corrected for the contribution due to helix 3'

2.3.6 Stopped-Flow Kinetics Monitored by Fluorescence

2.3.6.1 Stopped-Flow Instrumentation and Methodology

Fluorescence detection of the folding kinetics of pGH, pGH analogues and rGH was

achieved using an Aminco Bowman AB-2 Luminescence Spectrometer fitted with an

Aminco Bowman FP-120 MilliFlow Stopped Flow Reactor (Spectronic Instruments,
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Rochester N.Y.). An in-built qtnrtz condensing lens (2 mm pathlength,32 pl volume) was

used for fluorescence measurements. An excitation wavelength of 295 nm was used to

selectively excite the tryptophan residue(s), with fluorescence emission recorded at a

wavelength of 350 nm. Excitation and emission bandwidths of 4 and 8 nm, respectively

were employed. The temperature in the stopped-flow unit was maintained at 20oC using a

thermostatted circulating water bath.

Briefly, the delivery of reactants from two drive syringes was facilitated by the

air-operated pneumatic activation of a drive block, expelling a controlled quantity of

reactants through a mixing chamber, into the observation cell and finally into a stop

syringe. The piston of the stop syringe moved until, its motion was stopped by an

adjustable stop block. Once in contact with the stop block, an electrical contact triggered a

signal to initiate data acquisition. The line pressure was maintained at 400 kpa.

2.3.6.2 Dead-Time and Flow-Rate Determination

The dead-time was determined based on the method described in the MilliFlow Stopped

Flow Reactor Operator's manual. A solution of 20 ¡rM pyranine (Sigma) in 150 mM

ammonium bicarbonate was diluted 1.:2 (vlv) with a series of solutions containing 50 mM

potassium phosphate and various concentrations of carbonic anhydrase (500 units/ml, 1000

units/ml and 1500 units/ml). The reaction was followed for 200 ms, using a sampling time

of 1 ms. The excitation and emission wavelengths \Mere 454 and 512 nm with bandpasses

of 4 and 8 nm respectively. The data was corrected for the blank, converted to ASCII

format and downloaded to an IBM compatible computer running Excel, where the log of

( I F-Fu | ) vs time was plotted. The linear portion of each curve was extrapolated to zeto at
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the intercept. The dead time was calculated as the time from the intercept to the point

where the log plots plateau.

The flow-rate was determined using the equation:

Y (ml)
Td (sec) :

U (mVsec)

where Td was the dead time, V (ml) was the volume contained between the points of

mixing and observation (0.02 ml) and U (ml/sec) was the velocity. The dead time of the

instrument equated to 4 ms with a flow rate of 5 ml/sec.

2.3.6.3 Solution Preparation for Stopped-Flow Measurements

Stock solutions of pGH and analogues thereof, were prepared by dissolving protein in

degassed 20 mM sodium borate, pH 9.1, or degassed 20 mM sodium borate containing 5 M

Gdn-HCl, pH 9.1. The solutions were then filtered through 0.2 ¡tm filters (Millipore).

Protein concentrations were determined by UV absorption using an extinction coefficient

of 15714 M-lcm-l (Bastiras &'Wallace, 1992). The Gdn-HCl concentrations were

determined by refractometry (Nozaki, 1972).

2.3.6.3.1 Protein C oncentration D ep endence Exp eriments

The initial protein concentration ranges were 0.35 to 3.5 mglml. The stopped flow was

fitted with syringes such that concentration jumps from 5 M to 1.43 M Gdn-HCl (a 3'5-

fold dilution) for refolding and from 0 M to 4 M Gdn-HCl (a 3.5-fold dilution) for

unfolding experiments.
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2.3.6.3.2 Gdn-HCl C onc entration D ep endenc e Exp eriments

The initial protein concentration for experiments was 0.5 mglml in 20 mM sodium borate,

pH 9.1 for unfolding and 20 mM sodium borate in 5 M Gdn-HCl, pH 9.1 for refolding.

These solutions were diluted (3.5-fold) to achieve the desired final Gdn-HCl concentration

whilst maintaining a constant concentration of protein at 0.15 mglml For each desired

final Gdn-HCl concentration, buffers were prepared allowing for the 3.5 dilution. For all

proteins analysed the concentrations of Gdn-HCl were the same. Typically, refolding vs

[Gdn-HCl] was examined between 1.5 M and 2.7 M Gdn-HCl (midpoint of Gdn-HCl

equilibrium denaturation of wild-t1pe pGH, Bastiras and Wallace, 1992) and unfolding vs

[Gdn-HCl] was examined between2.T M and 4 M Gdn-HCl.

2.3.6.4 Data Collection and Analysis

Typically, for each experiment 8 successive kinetic traces were averaged, the raw data

converted to ASCII format and downloaded on to an IBM compatible computer. The raw

data was smoothed using the fourier domain editing option in the statistical computer

software package, TableCurve (Jandel Scientific). The data was then analysed by non-

linear regression analysis using the statistical software package, SigmaPlot (Jandel

Scientific) using the equation:

{
A(t) = ÐA¡exP(-tlt¡) + At

i-l

where A(f) was the total amplitude at time /, As was the amplitude registered at the end of

the reaction, A¡ is the amplitude of the individual phases, i, and r was the associated time

constant. To determine the number of kinetic phases, the data were evaluated containing

1-3 time constants. The function providing the best fit, based on the statistical output from

the fitting algorithm was used to determine estimates of the time constants and amplitudes.
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Chapter 3. Acid-induced denaturation of pGH

3.1 INTRODUCTION

Porcine growth hormone (pGH) is a single-chain polypeptide of 191 amino acids arranged

in an antiparallel four a-helix bundle (Abdel-Meguid et al., 1987). An energy minimised

model of pGH (Rowlinson et al., 1994) based on the hGH/hGH receptor crystal structure

(de Vos et al., 1992) is shown in Figure 3.1. The X-ray coordinates for pGH have not been

released so the model in Figure 3.1 cannot be confirmed. Several structural features of

pGH are conserved amongst the growth hormones; the primary structure contains two

disulphide bridges, the f,rrst of these connects the loop between helix 1 and helix 2 to helix

4, and the second forms a small loop at the C-terminus. A single conserved tryptophan

residue in helix 2 at position 86 (Trp86) occupies a hydrophobic core formed by the

hydrophobic faces of the a-helix bundle (Figure 3.2). The location, absorption and

fluorescence properties of Trp86 make it useful as an intrinsic probe for the study of pGH

tertiary structure (Bastiras and Wallace,1992). The Trp86 residue is in close proximity to

Asp168 (Figure 3.2), an amino acid also conserved in the primary sequence of the growth

hormones. The tertiary structures of human growth hormone (hGH) (de Vos et al., 1992;

Kasimova et a|.,2002) and bovine growth hormone (bGH) (Carlacci et al., 1991) are very

similar to that of pGH. This is consistent with pGH sharing 9lYo and 68Yo primary

sequence identity with bGH and hGH, respectively.

The detection of partially folded intermediate states along a protein's folding pathway is

crucial to understanding the principles of protein folding (Kim and Baldwin, 1982;

Kuwajima, 1989; Ptitsyn, 1995). Molten globules are intermediates in the folding pathway

of many proteins (Ptitsyn, 1992) and can be bound to molecular chaperones (Hayer-Hartl

et al., 1994). Molten globules have characteristics of both folded (or native) and unfolded

proteins: (i) a significant amount of native-like secondary structure, (ii) a collapsed state
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FIGURE 3.2 THE LOCATION OF TRP86 AND ASP168 IN THE

MODEL OF pGH. A view looking down the central core of pGH

showing the location of Trp86 and Asp168 within the hydrophobic

core of the molecule. This view is similar to the one shown in Figure

I C except that the molecule has been tilted downward slightly and
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residues are shown. The amino and carboxyl terminus is denoted by N
and C, respectively.

Figure prepared with the program MOLMOL (Koradi et a1.,1996)
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with hydrodynamic properties more akin to the native state, (iii) a lack of well-defined

tertíary structure, (iv) enhanced solvent exposure of hydrophobic surfaces with an

increased propensity to self-associate and (v) a less co-operative unfolding transition

compared to that of the native state. However, it is now apparent that molten globule

folding intermediates cover a broad range of conformations and degrees of unfolding,

which are subject to the solvent conditions employed.

Molten globules have been observed frequently at low pH, where intramolecular charge

repulsion appears to be an important driving force for partial unfolding. Acid-induced

denaturation of proteins has proven to be an invaluable tool in gaining insight into the

properties of intermediate states. The use of chemical denaturing agents, such as Gdn-HCl

and urea, often lead to mixtures of native, intermediate and unfolded protein states,

whereas a single intermediate state can be populated at low pH (Dolgikh et a1.,1981).

Equilibrium denaturation studies of bGH (Brems et al., 1985, 1986; Havel et al., 1986,

1988), hGH (DeFelippis et al., 1993; Kasimova et al., 1998) and pGH (Bastiras and

'Wallace, 1992) have detected molten globule intermediates in the folding pathway. The

existence of a molten globule state of hGH at low concentrations of organic solvent has

also been reported (Wicar et a1.,1994). Previous studies on the acid-induced unfolding of

bGH (Kauffinan et al., 1989; Holzman et al., 1990) and hGH (DeFelippis et al., 1995)

have shown that a pafüaIly folded intermediate(s) is formed at pH 2.0. However, the

observed structural properties of these intermediates are different. At pH 2.0, bGH exhibits

characteristics similar to those attributed to the molten globule, little or no tertiary structure

and a 50% loss of secondary structure compared to the native state. In contrast, the

conformation of hGH at pH 2.0 is predominantly native-like, with no detectable change in
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secondary structure content, residual 1:ufüary structure and a hydrodynamic radius

intermediate between the native and denatured states with increased exposure of the

hydrophobic core (DeFelippis et al., 1995). Moreover, from a recent NMR study

(Kasimova et a1.,2002), the conformation of recombinant hGH at approximately pH 2.7

was shown to be structurally conseled, with a dynamically more flexible helical core,

surrounded by highly mobile unstructured loops.

In view of the differences observed for the acidification of bGH and hGH, the aim of this

study was to characterise the acid-induced unfolding of pGH in the presence and absence

of 4 M urea. The inclusion of urea was to allow a direct comparison with previous studies

of bGH (Burger et al., 1966; Holzman et al., 1990). The acid-induced equilibrium

denaturation was investigated using a range of physicochemical techniques. Intrinsic

fluorescence, UV absorption spectroscopy, and near-UV circular dichroism were used to

follow changes in tertiary structure, and changes in secondary structure were followed by

far-UV circular dichroism. Size-exclusion chromatography and analytical

ultracentrifugation \Mere used to follow changes in the hydrodynamic radius and

self-association.
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Chapter 3. Acid-induced denaturation of pGH

3.2 RESULTS

3.2.1 F luorescence Spectroscopy

The fluorescence emission of tryptophan is highly sensitive to the polarity of its

surrounding environment (Teale, 1960; Lakowicz, 1983), thus providing a useful tool for

probing conformational changes in proteins. An increase in polarity may result from a

direct interaction of the tryptophan with the aqueous solvent or with a charged internal

residue. An excitation wavelength of 295 nm was chosen to measure the changes in

fluorescence emission of Trp86, upon acidification of pGH in both the presence and

absence of 4 M urea. At lower wavelengths, for example 278 wn, both tryptophan and

tyrosine residues absorb energy and can therefore contribute to the fluorescence emission

spectrum. However, at a wavelength of 295 nm, the absorbance of tyrosine is negligible

and therefore does not contribute any fluorescence (Wetlaufer,1962).

The corrected emission spectra of pGH at pH 8.0 and pH2.0, in the absence and presence

of 4 M urea are shown in Figure 3.3 A. Each spectrum is characterised by two bands: (i) a

broad band that varied in both the fluorescence emission intensity and the wavelength of

maximum fluorescence (L,*) and (ii) a less intense band, centred consistently near 380 nm

irrespective of the experimental conditions employed. This second, less intense band, was

believed to be a spurious signal attributable to the incomplete correction in the emission

monochromator (Havel et a\.,1986). The acid-induced denaturation of pGH as monitored

by the relative fluorescence intensity at 340 nm (13ae) is shown in Figure 3.3 B. In the

absence of urea, 1¡¿o exhibited a 4-fold increase through the transition from pH 8.0 to pH

2.0.The apparent midpoint of the transition was at pH 4.1 (Figure 3.3 B; Table 3.1). A

small red shift from 331 + 1.0 nm at pH 8.0 to 334 + 1.0 nm at pH 2.0 inthe l"'"u* was also

observed (Figure 3.3 C).
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NUMBER OF
EXPERIMENTS (z)

2

J

2

J

1

1

I

MIDPOINT"
PLUS 4 M UREA

4.93 + 0.04

5.16 + 0.06

5.02 + 0.03

5.11 + 0.04

5.42 + 0.08

5.24 + 0.03

5.18 + 0.05

MIDPOINT'
MINUS 4 M UREA

4.10 + 0.02

4.08 + 0.06

4.10 + 0.05

3.59 + 0.03

3.94 + 0.03

nt
3.89 + 0.04

PROTEIN
CONCENTRATION (mg/ml)

0.05

0.22

0.50

0.22

0.22

0.22

0.22

MEASUREMENT

Isqo

Iz+o

Izco

Ezgo

0zas

o¡oo

0zzz

TABLE 3.1 MIDPOINTS OF THE ACID_INDUCED TRANSITIONS OF pGH, IN THE ABSENCE AND PRESENCE OF 4 M IIREA, MEASLIRED BY DIFFERENT

SpECTROSCOpIC TECHNIeUES. ' Data fitted by nonlinear regression using the equation described by Oliveberg et al., (1994) for 13ae or using a sigmoidal function (Bailey

& Ollis, 1986). Enors r"pr"r"nt the standard error (Clelan d, 1967) returned from the nonlinear regression fiL (n : 1), the range of values (, : 2), or the standard error of the

meanvalue (":3).
nt : îo transition



Chapter 3. Acid-induced denaturation of pGH

The addition of 4 M urea at pH 8.0 resulted in a red shift in the }.,nu* from 331 + 1.0 nm to

336 + 1.0 nm (Figure 3.3 C), and was accompanied by a l5Yo increase in I3aç @igure 3.3

B). In the presence of 4 M urea, a2.5-fold increase in has with a concomitant increase in

the l,.r* from 336 + 1.0 nm at pH 8.0 to 344 + l.0 nm at pH 2.0 was observed (Figure 3.3

B). The transition followed a smooth sigmoidal curve but was shifted to a more alkaline

pH, with an apparent midpoint at pH 5.16 (Table 3.1).

The reversibility of the acid-induced denaturation of pGH was determined using

fluorescence spectroscopy. Solutions of pGH at pH 8.0 and pH 2.0 were titrated with 1 M

HCI and 1 M NaOH respectively, to give buffered solutions at the indicated pH (Figure

3.4). Nearly identical transitions were obtained, indicating that the acid-induced

denaturation of pGH is readily reversible.

The effect of protein concentration on the acid-induced denaturation was examined at

0.05, 0.22 and 0.5 mglml pGH in the absence and presence of 4 M urea (Figures 3.5 A &

3.5 B). Assuming a two-state mechanism, the transitions observed aI each protein

concentration were compared by plotting the apparent fraction of the unfolded protein,

Fuoo, versus pH, where:

Fnpp : (1"u. - In^t) | (1""t- /""t)

166s wâs the observed l1y1o at a given pH and 1¡¿1 âfld /u¡¡ wero the observed values for the

native and unfolded forms, respectively, extrapolated to each point in the transition zone

(Pace, 1986). Least-squares analysis of the experimental data was used to determine Inu1

and Ãnr in the pre- and post-transition zones (Pace, 1986). Transitions in the absence of

urea were almost superimposable with midpoints centred at pH 4.10 (Table 3.1). In the
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Equation 2, as described in 2.3.2.7.
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Chapter 3. Acid-induced denaturation of pGH

presence of 4 M urea the transition midpoints were centred at approximately pH 5.2 (Table

3.1) and the transitions were sharper (Figure 3.5 B).

3.2.2 UV Absorbance Spectroscopy

3.2.2.1 Zer o-Or der Absorbance Spectroscopy

The ultraviolet absorption spectrum of a protein can be described as a complete envelope

comprised of overlapping absorption bands of the individual chromophores, cystine,

phenylalanine, tyrosine and tryptophan. A change in the absorption spectrum can therefore

reflect a change in the environment surrounding each of the individual chromophores.

The zero-order spectra of pGH at pH 8.0 in the absence and presence of 4 M urea display

an absorption maximum at 278 t 0.2 nm (Figure 3.6 A). The prominent shoulder centred

near 290 nm is due mainly to the absorption of the single tryptophan residue buried within

the hydrophobic core (Bewley and Li, 1984). The three ripples between 255 nm and 270

nm are due to phenylalanine absorption. In the absence of urea, acidification from pH 8.0

to pH 2.0 produced a general blue shift in the entire spectrum, with the absorption

maximum shifted from 278 t 0.2 nrn at pH 8.0 to 276.5 I 0.2 nm at pH 2.0 (Figure. 3.6

A). A similar blue shift in the absorption maximum to 276.2 ! 0.2 nm at pH 2.0 was

observed in the presence of urea. In addition, the absorption spectrum was red shifted at

wavelengths above approximately 293 nm (Figure 3.6 A).

Acidification of pGH with or without 4 M urea also produced a considerable loss in

extinction (hypochromicity) near 290 nm. This can be more clearly seen in a plot of the

molar extinction coefficient at 290 nm (e2es) as a function of pH (Figure 3.6 B).

Acidifrcation resulted in a decrease in e2ee of approximately 2100 M-lcm-l and 2500
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FIGURE 3.6 ACID-INDUCED DENATURATION OF PGH MONTTORED BY UV-

ABSORBANCE. UV-absorbance spectra were recorded as described in 2,3.2.3. The protein

concentration was 0.22 mg/ml. The data are representative of n : 3 experiments.
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The solid lines are the calculated curves determined from nonlinear regression analysis of the raw

data, using Equation l, as described,in2.3.2.l



Chapter 3. Acid-induced denaturation of pGH

M-rcm-l, with midpoints at pH 3.59 and pH 5.11 (Table 3.1), in the absence and presence

of 4 M urea, respectively. Interestingly, in the absence of 4 M urea the UV absorbance

transition midpoint was not coincident with the midpoint obtained for the intrinsic

fluorescence detected transition (Table 3.1). In contrast, in the presence of 4 M urea, the

transition midpoints detected by UV absorbance and fluorescence spectroscopy were

similar.

3.2.2.2 S econd-D erivative Ab so rption Sp ectro scopy

Contributions from the aromatic chromophores in a protein overlap significantly in zero-

order absorption spectra. Resolution can be improved and the position of individual amino

acids more accurately located if the derivative of absorbance with respect to wavelength is

calculated (Havel, 1996). Analysis of the second-order derivative band positions and band

intensities can provide details about the microenvironment surrounding the aromatic

residues, for example polarity.

An overlay of the zero-order absorbance spectrum and the calculated second derivative of

the absorption spectrum for pGH at pH 8.0 is shown in Figure 3.7. This figure shows the

correspondence of the minima in the second derivative of the absorption spectrum with the

peaks and shoulders in the zero-order absorption spectrum. The wavelength minima were

assigned based on the previous characterisation of recombinant pGH (Bastiras, 7992) and

are listed in Table 3.2. The minima in the region 250 nm to 270 nm are due to the

phenylalanine [0-0] transition and higher vibronic modes (Bewley and Li, 1984). Although

the tyrosine and tryptophan absorption bands overlap, the minima at approximately 277 nm

and 284 nm are in principle due to tyrosine and the minima at approximately 290 nm and

300 nm are due to tryptophan (Bewley and Li, 1984).
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Chapter 3. Acid-induced denaturation of pGH

The calculated second-order derivative of the zero-order absorption spectra for pGH at pH

8.0 and pH 2.0 in the absence and presence of 4 M urea are shown in Figure 3.8, and the

wavelength minima are listed in Table 3.2.

The wavelength minima attributed to the phenylalanine chromophores in the 250-270 nm

region of the spectrum (Bewley and Li, 1984) did not change in the four conditions

examined, indicating no net change in the average environment of these chromophores.

The blue-shift seen in the zero-order absorption maximum on acidification (Figure 3.6 A),

is also observed in the second derivative spectra minima in the 276-278 nm region (Figure

3.8; Table 3.2). This band is attributed to one of the higher vibrational modes of the Tyt'Lo

transition. There was no significant change in the wavelength of the 284 nm minimum,

attributed to the Tyr'Lo [0-0] transition (Bewley and Li, 1984).

Despite the overlap of tyrosine and tryptophan absorption bands, spectral changes in the

290-295 nm region are principally due to tryptophan. In the second-derivative spectrum,

the peak to trough difference at 290 and 295 nm is a measure of the polarity of the

environment surrounding trlptophan. A large difference is indicative of a non-polar

tryptophan environment. At pH 2.0 in the absence and presence of 4 M urea, the peak to

trough distance is reduced. The decrease in intensity of the minima at 291 nm is

accompanied by a red shift fuom 290.9 nm at pH 8.0 (+ 4 M urea) to 291.5 nm (pH 2.0)

and,292.6 nm (pH 2.0 + 4 M urea) (Figure 3.8). This band is attributed to the Trprl6 band

(Figure 3.9) and the movement of this band is responsible for the red shift above 293 nrt

seen in the zero-order spectrum at pH 2.0 inthe presence of 4 M urea.
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Chapter 3. Acid-induced denaturation of pGH

At pH 8.0, the inclusion of 4 M urea results in a decrease in intensity of the trp1t"¡O-01

band at 299.5 nm. In studies using hGH, Bewley and Li (1984) predicted that the extent of

the red shift of this band compared to its [0-0] in water of 292 correlates with the strength

and alignment of a hydrogen bond between the indole ring > NH of Trp86 and a

carboxylate residue (Figure 3.9). However, for pGH at pH 2.0 with or without 4 M urea,

the Trpll.u signal is difficult to identify possibly due to blue shifting into the intense

positive band centred near 295 nm.

3.2.3 Circular Dichroism

3.2.3.1 Near-UV Circular Dichroism

Near-UV circular dichroism (CD) spectra can reflect the conformation and local

environment of the aromatic and disulphide chromophores (Strickland, 1974). A decrease

in the CD intensity is usually associated with a loss of tertiary structure or a localised

unfolding of the protein in the vicinity of a particular aromatic group. Figure 3.10 A shows

the near-UV CD spectra for pGH at pH 8.0 and pH2.0 in the absence and presence of 4 M

urea. Similar spectra were obtained at pH 8.0 (+ 4 M urea), and are consistent with

previous spectra for recombinant pGH produced at Bresagen Ltd. (Bastiras, 1992). The

three negative bands at approximately 268 nm, 262 rcn and 256 nm are due to the

PhelI-u[O-0] transition and higher vibronic modes. Disulphide bonds also contribute to the

negative dichroism in this region of the spectrum (Bewley and Li, 1.970). The shoulder at

approximately 278 nm is assigned to a higher vibronic mode of the TVr[0-0] transition. The

negative peak at 286 nm is comprised of the Tyr[0-0] transition and a higher vibronic

mode of the trp 1L6¡0-0] transition. A small shoulder at 292 nm is possibly due to the

trp I t6 ¡o-ol transition.
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Chapter 3. Acid-induced denaturation of pGH

At pH 2.0 ín the absence and presence of 4 M urea, the three phenylanine bands are still

clearly visible but the majority of disulphide bond associated optical signal between 250

and260 nm has been lost (Figure 3.10 A). The majority of tyrosine-attributed signal at286

nm has also been lost. A plot of the mean residue ellipticity ([0]rønw) at 285 ûrr, 0235, âs 2I

function of pH (+ 4 M urea) is shown (Figure 3.10 B). Transition midpoints were centred

at pH 3.94 andpH 5.42 in the absence and presence of 4 M urea, respectively'

At pH 2.0 in the presence of 4 M urea, there is an intense negative absorption band at

approximately 298 nm, whereas, in the absence of urea, this band is weak. Figure 3.10 C

shows the effect of pH on the [0]rr¿nw at 300 nm, 0366, in the presence and absence of 4 M

urea. In the presence of 4 M urea, a smooth sigmoidal transition is seen with a transition

midpoint centred at pH 5.24 (Figure 3.10 C). There was no signihcant change in 0¡oo in the

absence ofurea.

3.2.3.2 Far-UV Circular Dichroism

Far-UV CD was used to monitor changes in the secondary structure of pGH with

acidification. The far-UV CD spectra of pGH at pH 8.0 in the absence and presence of 4 M

urea are shown in Figure 3 . I 1 A. At pH 8.0, the spectra display minima at 209 nrn and 22I

nm, characteristic of the presence of a-helix. The addition of urea at pH 8.0 has caused a

slight increase in negative ellipticity at both minima.

At pH 2.0,the two minimaat20g nm and 221nm are still clearly present but their intensity

has decreased. The loss of secondary structure (o-helix), with acidification in the absence

and presence of 4 M urea, was followed by measuring [0rurnw] at 222 nrn, 0222 (Figure 3. I 1

B), Linear extrapolation of the post-transition region revealed an approximately l5Yo and
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pH 2.0
plus 4 M urea

301.a(s)

292.55

283.70

276.20

268.s0

264.s0

258.3s

252.20

minus 4 M urea

299.75

291.50

284.00

276.50

268.55

264.80

258.60

252.s0

pH 8.0
plus 4 M urea

301.a0(s)

299.45

297.50

290.94

284.30

2t1.00
274.00

268.70

264.80

258.65

2s2.65

minus 4 M urea

299.45

297.50(ws)

290.90

284.30

277.25

274.00

268.70

264.80

258.65

2s2.s0

" pGH

301.a(s)

299.45

297.5(ws)

294.90

284.45

217.70

273.95

269.r5
265.10

258.80

252.80

ABSORPTION BANI)

*T.ptLu

Trp 1

Lu

T.ptLu

1*Tyr L6

TyrlL5
T.ptLo
xPhelLu

PhelL¡

PhelL6

PherL6

TABLE 3.2 SECOND DERIVATI\fE ABSORPTION BANDS OF pGH. The wavelength positions of the second derivative minima as

shown in Figure 3.8. ' Wavelength positions assigned to pGH in 25 mM sodium acetate, pH 9.1 (Bastiras, 1992). The abso¡ption bands

which exhibit the most significant change in their wavelength positions are highlighted in red. s, shoulder; ws, weak shoulder.
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25o/o loss of secondary structure with transition midpoints at pH 3.89 and pH 5.18 in the

absence and presence of4 M urea, respectively.

3.2.4 ANS Fluorescence

The hydrophobic probe 1-anilinonapthalene-8-sulfonate (ANS), has proved to be a useful

extrinsic fluorescence reagent to probe conformational changes in protein folding. In

aqueous solvent ANS has minimal fluorescence intensity with a Lnu* at approximately 552

nm. An increase in fluorescence emission intensity and blue shift in Lnu* is characteristic of

ANS in a highly non-polar environment, or bound to hydrophobic surfaces.

The emission spectra of ANS with pGH at pH 8.0 and pH 2.0 in the absence and presence

of 4 M urea are shown in Figure 3.12. At pH 8.0 (+ 4 M urea) the Lnu* of ANS has blue

shifted from 552 nm to approximately 465 nm. At pH 2.0 without 4 M urea, there was an

approximately 35-fold increase in fluorescence intensity. In the presence of 4 M urea, only

an 8-fold increase in fluorescence \Mas seen. A less intense band at approximately 500 nm

was also seen in the spectra at pH 2.0 with or without 4 M urea. This less intense band is

believed to be caused by a fluorescence artifact known as the "'Woods Anomaly", which

had not been completely corrected for by the software supplied with the Aminco Bowman

fluorescence spectrometer.

3.2.5 Size-Exclusion Chromatography

Size-exclusion chromatography was used to examine the effect of acidification on the

hydrodynamic radius (compactness) of pGH. The elution profiles of pGH in the presence

of 4 M urea, at pH 8.0 and pH 2.0 are shown in Figure 3.13. In the absence of urea, no

protein was recovered from the Superose 12 column between pH 5.0 and pH 2.0. Even in
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the presence of 4 M urea, no protein was recovered from the Superose 12 column at pH 5.0

and pH 4.0. At pH 8.0, a single peak with a radius of 18 Á., consistent with pGH in the

folded state (Bastiras and Wallace, 1992) is observed (Figure 3.13). At pH 2.0 the majority

of the protein elutes earlier, with an increase in hydrodynamic radiusto 47 a. the elution

volume and increase in size at pH 2.0 are very close to that previously seen for the Gdn-

HCl-induced associated form of pGH (Bastiras and'Wallace,7992) and bGH (Brems et al.,

1985). The associated species for both pGH and bGH is populated above l0 ¡t}i4 (0.22

mglml) in partially denaturing concentrations of Gdn-HCl. At a decreased protein

concentration of 4 pM (0.1 mg/ml), the elution profile of pGH at pH 2.0 was similar to that

at 10 ¡rM (data not shown). The second, smaller peak at pH 2.0 with a radius comparable to

that of the folded state of pGH at pH 8.0, may be that of the acid-denatured monomer.

Although size-exclusion chromatography confirms the presence of an associated state at

pH 2.0 in 4 M urea, the type of species at pH 2.0 in the absence of urea cannot be

ascertained.

3.2.6 Sedimentation Equilibrium

The ability of pGH to selÊassociate in solution at pH 8.0 and 2.0 in the absence and

presence of 4 M urea vras investigated in a quantitative manner, using the

thermodynamically rigorous technique of sedimentation equilibrium in the analytical

ultracentrifuge. Figure 3.14 shows the apparent weight-average molecular weight (M*,upp)

distributions for pGH at sedimentation equilibrium at pH 8.0 and pH2.0 in the absence and

presence of 4 M urea. Self-association takes place under all conditions and is strongly

promoted by the drop in pH, and by the absence of urea at either pH. Figure 3.15 shows a

typical plot of the Omega function versus radial concentration of pGH at sedimentation

equilibrium for four different loading concentrations of pGH. The overlap of the data
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within the common concentration range indicated that the system was homogenous,

showing that all pGH molecules were able to participate in the self-association and no

irreversible aggtegates were formed. SelÊassociation models were fitted to the Omega

plots and retumed estimates of the thermodynamic parameters; the molar equilibrium

constant(s), K, and the second virial coefficient, B, a measure of the nonideality of the

solute (Figure 3.16, Table 3.3). Models, which appropriately described the data resulted in

a random distribution of residuals (Figure 3.16) as determined by a runs test at the 5o/o

level.

At pH 8.0 in the presence o14 M urea, a monomer-dimer model adequately described the

data over an extended concentration range (0.4-4 g/L) and the self-association, as judged

by the value of K was very weak (Table 3.3). The returned value of B was 4.3 + 0.6 x 10-7

L mol g-2. Based on the estimated charge of pGH and a stokes radius o12.2 nm (Ribela and

Bartolini, 1988), a theoretical value of 4.5 x 10-7 L mol g-' *as calculated (Morris and

Ralston, 1985; Johnson and Yphantis, 1978).

At pH 8.0 in the absence of urea, the Omega plot was well fitted by a monomer-dimer

model but retumed a negative (and therefore physically meaningless) value of B (data not

shown). A negative value of B indicates that the selÊassociation model underestimates the

number andJor size of the oligomers that are present at significant concentration. On the

other hand, the 'indefinite' SEK I model, in which a single value of K describes the

sequential addition of monomers without limit(2.3.2.8) returned avalue of .B an order of

magnitude larger than the theoretical value. 'When the value of -B was fixed at the

theoretical value, both the monomer-dimer-trimer and monomer-dimer-tetramer fit the

data equally well with the value of K for the monomer-dimer step approximately five times
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B (L mol g-'¡ x 10-'

4.5'

4.3 +0.6
22.3 + 1.6

6.2 + I.l

1( (M-') x lo-s
0.290 + 0.03 (Krz)
0.025 + 0.06 (K24)

0.056 + 0.001

7.5 + 0.02

7.3 + 0.6 (K24)

0.085 + 0.09 (K+s)

MODEL
MONOMER-DIMER-TETRAMER"

MONOMER-DIMER
DIMER, TETRAMER, HEXAMER,...
DIMER-TETRAMER-OCT AMERÓ

pH 8.0

pH8.0*4Murea
pH 2.0

pH2.0*4Murea

TABLE 3.3 SEDIMENTATION EQUILIBRIIIM RESULTS FOR pGH TINDER VARIOUS SOLUTION CONDITIONS. Plots of O(r) versus c(r) were fitted with

self-association models using nonlineàr regression techniques. Returned values ofthe equilibrium constants, K, and second virial coefficient, B, are shown f standard

elTor.
, A monomer-dimer-trimer model fit the data equally well on the basis of sums of squares of the residuals and random distribution of residuals as judged by the runs test.
å A dimer-tetramer-hexamer model fit the data equally well on the basis of sums of squares of the residuals and random distribution of residuals as judged by the runs test.

" parameter value fixed dgring nonlinear ,.gr.rrion. A theoretical value for .8, .B1, wâs calculated from the size and shape of the solute (BB) plus a contribution from the

net charge on the solute (Bç) (Monis & Ralston, 1985; Johnson & Yphantis,lg18). K12, moûoÍt€r-dimer equilibrium constant; K2a, dimer-tetramer equilibrium constant;

Kas, tetramer-octamer equilibrium constant.
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larger than that obtained in the presence of urea (Table 3.3). Thus, in the absence of urea

both the strength and extent of self-association of pGH is increased. Other types of discrete

self-association (e.g. monomer-trimer or monomer-tetramer) resulted in poor fits to the

data as judged by the sums of squares of the residuals and a runs test performed on the

distribution of the residuals.

At pH 2.0, self-association was strongly promoted (Figure 3.I4), to the extent that

significant concentrations of monomeric pGH could not be detected over the total

concentration ranges observed. Note that the values of M*'* at very low concentration at

pH 2.0, plus or minus urea, are larger than the monomer molecular weight of 21,860,

indicating that the protomer for self-association was larger than the monomer. To confirm

this, plots of the Omega function versus concentration were generated using the molecular

weight of the monomer and small values (approximately 0.2 glL) of the reference

concentration, c(rp). Fits to these plots with various selÊassociation models, using the

monomer as the protomer, passed through or very close to the origin (data not shown).

This showed that no detectable monomer was present at the reference concentration, and

that the protomer for the self-association was the dimer or some larger species. Therefore,

selÊassociation models at pH 2.0 in which the protomer was taken to be the dimer were

used.

At pH 2.0 in the absence of urea, the SEK I model (dimer, tetramer, hexamer...) fitted the

data well. The returned value of K describing the sequential steps in the self-association

was 1-3 orders of magnitude larger than values of K obtained at pH 8.0 plus or minus urea

(Table 3.3). Extrapolation of the fit for this model to zero concentration confirmed that a
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significant percentage (9%) of the protein at the reference concentration of 0.5 glL was in

the form of the dimer.

At pH 2.0 inthe presence of 4 M urea, two discrete models, dimer-tetramer-hexamer and

dimer-tetramer--octamer, fit the data equally well. As at pH 8.0, the presence of 4 M urea

reduced both the strength and extent of self-association (Table 3.3)
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3.3 DISCUSSIOI{

In protein folding studies, the presence and concentration of intermediates is dependent

upon a number of factors. These include pH, temperature, the concentrations of salts and

denaturants, and importantly, the intrinsic properties of the protein employed (Fink, 1995:

Ptitsyn, 1995). For acid-mediated partial unfolding, three broad classes of protein have

been recognised: (i) those that unfold completely and then refold into a compact or

expanded molten globule-like formation at lower pH, (ii) those that go directly to the

molten globule and (iii) those that essentially remain native (Fink et a1.,1994). hGH falls

into category iii, remaining essentially native, while bGH falls into category ii, going

directly to a molten globule. This study shows that the acid-induced unfolding of pGH also

falls into category ii with folding intermediates that possess many of the classic

characteristics of the molten globule. These characteristics include the retention of

substantial secondary structure, substantial loss of ßfüary structure, maintenance of a

compact shape similar in size to that of the native state, and a propensity to aggregate.

However, the folding intermediates for pGH and bGH have quite distinct properties

emphasising the range of structural variability of intermediates even amongst closely

related proteins.

Acid-mediated unþlding in the øhsence of urea

Upon acidification of pGH, very little 1:.lfüary structure as detected by near-UV CD was

retained. For the complete unfolding of pGH at pH 9.1 by Gdn-HCl, the l.-u* of intrinsic

fluorescence for Trp86 was shown to red shift by 74 nm to a value of 352 nm (Bastiras and

'Wallace, 1992). The minimal red shift of 3 nm for Trp86 upon acidification of pGH seen

here indicated that Trp86 remained in a hydrophobic environment. For a two-state

transition a continuous red shift in I.u* accompanied by fluorescence emission band
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broadening would be expected, where the l",,nu* would be a function of the relative

populations of native and unfolded protein. Since the red shift seen here for pGH did not

coincide with the changes in Iz¿,0 the protein must occupy an intermediate state at pH 2.0.

Analogous to bGH, the native state tryptophan residue at position 86 in pGH is located

close to an intramolecular quenching group, resulting in a quenched native state

fluorescence. The increase in relative fluorescence intensity with minimal change in the

l".u* suggests removal of the quenching group without a significant change in the polarity

of the environment surrounding Trp86.

The reduction in molar absorption (e2e¡) with decreasing pH (Figure 3.6) was similar to

that previously seen for unfolded pGH (Bastiras and Wallace, 1992) and bGH (Brems e/

al., 1985). In those studies, the decrease in e2ee was attributed to the removal of the

internalised Trp86 to the polar solvent exterior. kr this case, the lack of red shift in the

fluorescence emission coupled with the loss of the near-Uv CD signal at 285 nm ([0]2s5,

Figure 3.10), suggested that a change in the average environment of the seven tyrosine

residues of pGH was responsible for a significant proportion of the e2e6 loss. The reduction

in absorbance at 290 nm produced by transfer of a tyrosine residue from the protein

interior to water is approximately 600 M-rcm-l (Donovan, 1973).In the model of pGH

(Rowlinson et a|.,1994), tyrosine 159 is completely buried whilst tyrosines 29 and 175 are

almost fully buried (Figure 3.17; Table 3.4). Exposure of these three residues to solvent is

indicated by the loss of the 02s5 signal with decreasing pH (Figure 3.10) and would be

responsible for a significant proportion of the observed hypochromicity.

In the absence of 4 M urea the midpoint of the transitions obtained for the three probes of

tertiary structure (9zss,I1.g¡o and e2e6) are not coincident (Table 3.1). The lack of coincidence
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indicates that conformational changes affecting the intrinsic fluorescence of Trp86, I3as,

(most likely to be the initial removal of the intramolecular quenching group), precede the

transfer of buried or partially buried tyrosine residues to the solvent exterior (as measured

by Ozss and ezso). The pH midpoints detected by these probes suggest that the

conformational change responsible for the removal of the quenching group is mediated by

the titration of glutamate andlor aspartate residues. Elucidation of the residue(s)

responsible for the quenching of the native state fluorescence has so far proved elusive

(Kauffman et al., 19S9). Examination of the pGH model (Rowlinson et al., 1994) shows

that Trp86 is located in a hydrophobic core composed of Phe54, Ser55, Leu82, Ile83,

Ser85, Leu87, Pro89, Val90, Leu93, Leul13, Leu161, Cysl64, Phel65 and Asp168. At

first glance, the obvious candidate appears to be Asp168 which, as seen in hGH (Bewley

and Li, 1984, deVos et a|.,1992), is hydrogen bonded to the Nel of Trp86. However, all of

the above residues, including Asp168, are conserved in hGH, which unlike pGH and bGH,

does not have a quenched native-state fluorescence (Brems et aL.,1990). As suggested by

Kauffman et al. (1989), the Cys53-Cys164 disulphide bridge cannot be ruled out as the

possible Trp fluorescence quencher in native pGH and bGH, since subtle structural

differences between the growth hormones could result in slightly different orientations of

the disulphide bridge with respect to Trp86. Inespective of the exact identity of the

quenching group, it is not possible to determine with our data whether the increase in

relative fluorescence intensity is due to either direct or indirect interaction(s) between

proton-accepting group(s) and the internalised tryptophan.

The retention of a significant degree of secondary structure combined with the loss of

stabilising tertiary interactions as described above, indicates that under acidic conditions

pGH forms a molten globule-like structure. Previous characterisation of recombinant pGH
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confirmed a helical content of 47Y" for the folded protein, close to previously published

values (Holladay et al., 1974). A decrease in 0zzz of approximately 15Yo at pH 2.0 attests to

the retention of a significant degree of secondary structure in pGH at pH 2.0. Previous

studies have shownthat small changes in helix <p and Y angles (> 5") greatlyreduces the

far-UV CD intensity at222 nm even with no change in the total number of helical residues

(Manning et a1.,1988; Manning and Woody, 1991). Thus, the loss in CD intensity at 222

nm with decreasing pH may be due to fraying or the realignment of helices in the 4 o-helix

bundle.

Acid-mediated unþldíng in the presence of urea

The inclusion of urea at pH 8.0, appeared to induce a small conformational change in pGH,

as detected from the fluorescence emission properties of Trp86. Note that the þaç for Trp86

at pH 8.0 in the presenc e of 4 M urea is approxim ately 25Yo larger than in the absence of 4

M urea (Figure 3.3 A and 3.3 B) and that l,nu* is red shifted by t 5 nm (Figure 3.3 C). It is

possible that a urea molecule may have diffused into the protein matrix thus altering the

conformation slightly. This conformational change was not detected when monitored by

UV absorbance and second-derivative spectroscopy. A possible explanation for this may

be due to the different properties of absorbance and fluorescence, as shown schematically

in Figure 3.18. Fluorescence is observed when an excited electron (from pre-absorbed

energy) retums to its ground state energy level. On returning to the ground state, various

pathways for the transition from the excited state to the ground state can be taken, which

are not important in absorption studies (Brand and Witholt, 1967). These pathways are

sensitive to, and can therefore detect, very small structural perturbations in proteins that are

otherwise undetectable.
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The inclusion of 4 M urea in the acid-mediated unfolding resulted in a pGH population

with similar loss of the asyrnmetrical environment of tyrosines (Figure 3.10), similar loss

of o-helix (Figure 3.11) and similar hypochromicity (Figure 3.6) as that observed in the

absence of urea. These properties were consistent with the formation of an intermediate of

the molten globule type.

There were also clear differences in the intermediates observed at pH 2.0 in the presence

and absence of urea and in the acid-induced transitions that lead to these intermediates. At

pH2.0 in the presence of 4 M urea, the l.n.u*red shifted by 8 nm (Figure 3.3 C) indicating a

substantial increase but not necessarily complete exposure of Trp86 to the solvent.

Although there was an increase in.I¡+o it was reduced when compared to that obtained in

the absence of urea. It is possible that the decrease in Iy,o resulted from an interaction with

other putative quenching groups and/or the afore-mentioned quenching group responsible

for the native state quenched fluorescence. An intense CD band observed near 300 nm

(Figure 3.10) in conjunction with a red shift in the T.ptl.o absorption band in the second

derivative spectra (Figure 3.8), indicated that Trp86 was in a highly asymmetric

environment despite its increased solvent exposure. This intermediate was also found by

ANS fluorescence measurements to have reduced surface hydrophobicity (Figure 3.12).

The acid-induced folding transitions observed in the presence of urea are shifted by

approximately 1 pH unit to a more alkaline pH. The shift to higher pH is unlikely to result

from a shift in pKu of titrated carboxylic acid groups. The inclusion of chemical

denaturants during acid titration of proteins generally normalises the pK. values of

titratable groups to those found for the free amino acids in solution. For aspartate and

glutamate residues, these values are approximately 3.9 and 4.3, respectively, well below
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the apparent pH midpoint of approximately 5.2. In their study on bGH, Edelhoch and

Burger (Edelhoch and Burger, 1966), also observed a shift in the midpoint of the acid

transition to higher pH values in the presence of increasing urea concentrations. The

authors stated that the shift in the midpoints to higher pH could not be attributed to a shift

in the pKu of carboxyl groups.

It is more likely that the shift in the pH midpoint in the presence of 4 M urea results from

the titration of one or more critical histidines. A change in the pK" for a histidyl sidechain

from a value below that of the transition pH in the native state to a value higher than the

transition pH in the intermediate would promote a shift in the chemical equilibrium

towards the intermediate (Geierstanger et al., 1998), as dictated by Le Chatalier's

principle. In the model of the structure of pGH, histidine 22 and 770 are within hydrogen

bonding distance of each other (< 3 Ä), located in a shallow cleft which roughly divides

the molecule in two (Figure 3.19) (Rowlinson et al., 1994). Their interaction may produce

a situation qualitatively similar to that seen for His24 and His119 in apomyoglobin

(Geierstanger et a\.,1998). In native apomyoglobin, His24 is hydrogen bonded to His119

resulting in a very low pKu for His24 of approximately 3. His24 is not protonated until the

native state unfolds to the intermediate whereupon its pK" is raised to approximately 6.7

(Geierstanger et a1.,199S). This change in pKu largely dictates the acid-induced unfolding

of apomyoglobin to its intermediate with a transition midpoint at pH 4.4 (Geierstanger et

at.,1998).In bGH, early NMR studies showed that either His20 orHis22,located on helix-

1, has a low pKu value of 4.67 (MacKenzie et al.,l9S9). Due to the combined effects of its

partially buried location (Rowlinson et al., 1994), and its interaction with His170, we

speculate that it is His22 in pGH (Figure 3.19) that has the depressed value of pK, in the

native state. In the acid plus urea-induced intermediate, the pK. of His22 would need to be
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raised above the transition midpoint of approximately 5.2 to serve as a driving force for the

formation of the intermediate. In hGH, due to the insertion of an amino acid in the primary

sequence separating the helix t histidines, both are located on the solvent-exposed face of

the helix (de Vos et al.,1992). Furthermore, the equivalent position for His170 in pGH is

occupied by aspartate in hGH.

S elf-as s o c iatio n of p G H

A property of a molten globule intermediate is the propensity to self-associate.

Determination of the hydrod¡mamic radii of pGH at pH 2.0 by SEC proved to be

problematic. In the absence of 4 M urea there was no recovery of protein below pH 5.0.

Even in the presence of 4 M urea, protein was unable to be eluted between pH 5.0 and pH

4.0. In previous studies, problems have also been experienced with hydrodynamic

determination using SEC, presumably due to interactions with the column matrix (Fink e/

al., 1994). A study implementing a Superose 6 column has identified that electrostatic

interactions between charged patches of a protein that interact with the resin are

responsible for the apparent protein retention (Edwards and Dubin, 1993). At pH 2.0 and 4

M urea the majority of protein eluted as a single broad peak with an apparent

hydrodynamic radius of 47 it (Figure 3.13). A similar peak with a radius of approximately

52 Ä was resolved for the associated species of pGH at intermediate Gdn-HCl

concentrations (Bastiras and 'Wallace, 1992). With the similarity between the

chromatographic profiles, pGH at pH 2.0 and 4 M urea is an associated species.

V/ith the problems encountered using SEC, sedimentation equilibrium was used to quantify

the mode, strength and reversibility of the self-association of pGH under various solution

conditions. At pH 8.0, pGH reversibly self-associates. ln the absence of 4 M urea pGH
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undergoes a weak but discrete self-association where the largest species appears to be the

tetramer, whilst the presence of urea at pH 8.0 almost eliminates self-association,

presumably by altering the interactive surface landscape (Young et al.,1994; Laskowski ¿/

al.,1996). At pH 2.0 in the absence and presence of 4 M urea, pGH intermediates undergo

strong monomer-dimer self-association (see below). 
'We 

speculate that the dimer is an off-

pathway folding intermediate. The dimer is capable of further reversible self-association;

the mode of self-association is different in the two solvent conditions and discussion of this

is reserved for Chapter 4.

The strong monomer-dimer self association was evident even at the lowest protein

concentration examined (0.1 mg/ml, - 4 pM). In comparison, the Gdn-HCl induced

associated species of pGH and bGH were populated above 10 ¡rM (Brems et al., 1986;

Bastiras, 1992). Due to the lack of detectable monomer, the monomer-dimer equilibrium

could not be accurately determined. The value for the association constant, K, for monomer

dimerisation would be > 5 x 106 M-1. However, based on the detection limit of the

ultracentrifuge? an estimate of between 1 x 108 - 1 x 1010 may be more appropriate

(Shearwin and Egan, 1996). This compares with significantly weaker equilibrium constants

of 1.6 x 105 M-l and 7 x 103 M-1 for the bGH (Brems et a1.,1938) and hGH (DeFelippis er

a1.,1993) monomer-dimer equilibrium respectively. However, it must be pointed out that

the equilibrium constants for bGH and hGH have been determined under different

experimental conditions and methods: (i) the bGH association was determined from near-

UV CD data in 0.05 M ammonium bicarbonate, 3.7 M Gdn-HCl, pH 8.5 (ii) the hGH

association was determined by analytical ultracentrifugation in 0.1 M HEPES, 4.5 M Gdn-

HCl, pH 7.5. In assigning the association constant for hGH, the authors point out that

although the apparent weight- average molecular weight approaches that of a dimer, this
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observed value may be lower than the true molecular weight. They attribute this to the

observation of nonideality in the sedimentation behaviour of the protein (Munk and Cox,

1972: Van Holde, 1985) and this was taken into account when analysing the data presented

for pGH. Why is the association constant so large for the monomer-dimer equilibrium of

pGH at pH 2.0? The p1 of pGH is approximately 6.9 and the pK of most carboxyls is >3.

Taken together, the overall charge of pGH at pH 2.0, as with the majority of other proteins,

would be positive. If two highly positively charged molecules were to come within close

proximity to one another, it may be expected that the electrostatic repulsive force between

the two molecules would inhibit the intermolecular association. However, it is important to

consider localised charge effects and not just the global net charge of the protein. Acidic

residues such as glutamic acid, are involved in hydrogen bond formation with the

surrounding aqueous solvent. The addition of a positive charge upon acidification would

cause the breakdown of the hydrogen bond network with solvent, in turn increasing the

apparent hydrophobicity of the molecule. An increase in hydrophobicity would increase

the potential for intermolecular association. For example, within helix 3 of pGH, two

aspartic (Aspl15 and Asp129) and five glutamic acid (GIul11, Glul17, Glul18, Glu126

and Glu128) residues are exposed to the surrounding solvent and are most probably

involved in hydrogen bond formation with solvent. Protonation of these residues will

increase the apparent hydrophobicity and subsequently increase the propensity of a

complementary site on another monomer to associate, stabilising the conformation as a

dimer.

Although self-associated intermediates exist at pH 2.0 with or without 4 M urea,

quantitative differences in the intrinsic- and ANS- fluorescence (Figures 3.3 and 3.I2),

second derivative spectra (Figure 3.8), 0goo band (Figure 3.10 A) and modes of self-
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association (Table 3.3), reveal that they are not structurally identical in every detail. The

associated species detected in the Gdn-HCl-induced equilibrium folding pathway of bGH

(Havel et al., 1986) and pGH (Bastiras, 1992) is characterised by a similarly intense 0¡oo

band to that seen in this study for pGH at pH 2.0 and 4 M urea. Moreover, in the second

derivative spectrum (Figure 3.8), the trp 1t6¡0-01 is also significantly red shifted. Previous

studies have attributed this red shift to interactions with nearby polar groups andlor a

change in the polanzabllity of the surrounding Trp environment (Strickland et al., 1969;

Strickland, 1,972). The similarity in these spectral properties between the Gdn-HCl

self-associated intermediate(s) for bGH and pGH and the self-associated intermediate(s)

for pGH at pH 2.0 in the presenc e of 4 M urea suggests that they may be structurally alike.

The addition of a helix 3-containing peptide to an associated equilibrium folding

intermediate of bGH reduces its polyrnerisation (Brems et al., 1986). Furthermore, this

reduction correlates with a loss of the prominent 0¡oo band. The association of pGH at pH

2.0 inthe presence of 4 M urea may also involve helix 3, and an examination of this forms

the basis of Chapter 4.

Conformational states induced by acid denaturation are governed by a fine balance

between intramolecular repulsive forces, hydrophobic interactions, electrostatics and the

presence of disulphide bonds and salt bridges (Fink et al., 1994). Both bGH and pGH, at

low pH form molten globule-like states, however, the molten globule of pGH is more

structured. Acidification of hGH results in an intermediate with the majority of structure

similar to the native state (DeFelippis et al., 1995). hGH has significant stability, more

consistent with native protein conformations, as opposed to an intermediate of the molten

globule type (Abildgaard et a|.,1992; DeFelippis et a|.,1995).
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In conclusion, acidification of pGH invokes the formation of molten globule-like states

with measurable differences in conformation, subject to the solvent condition employed.

The critical ofÊpathway folding intermediate for pGH may be the highly favorable

formation of a dimer. The mode of self-association of this dimer then depends on its exact

conformation. pGH thus provides further evidence that, within a family of proteins, folding

intermediates can display a great range of structural variability and ability to polymerise.
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Chapter 4. Self-association of pGH

4.1 INTRODUCTION

In Chapter 3 the acid-mediated denaturation of pGH was shown to invoke the

self-association of pafüally denatured monomeric intermediates. Quantitative differences

in the physical characteristics between the intermediates at pH 2.0 in the absence and

presence of 4 M urea suggested that the intermediates are not structurally identical in every

detail. Moreover, the models of self-association in these two solvent conditions are

different. In the absence of urea, the associated intermediate at pH 2.0 was characterised by

an increased intrinsic- and ANS- fluorescence emission, with a reduced intensity and small

red shift in the second derivative of the trp't6¡0-0] absorption band. In comparison, the

associated intermediate at pH 2.0 and 4 M urea was characterised by a reduced intrinsic-

and ANS- fluorescence emission, a reduced intensity but greater red shift in the second

derivative of the trprt6¡O-0] absorption band and a prominent 0¡oo band. ln the two solvent

systems pafüally denatured monomeric pGH forms a dimer. At pH 2.0 without urea

subsequent self-association of the dimer proceeded by unlimited addition of the dimer

whereas the addition of urea invoked discrete self-association of the dimer with the largest

species being an octamer. From this data, it is proposed that the partially denatured

monomer in each solvent system has a distinct conformation and it is these conformations

that determine the final oligomer stoichiometry'

Previous equilibrium denaturation studies of bGH (Havel et al.,1986) and pGH (Bastiras

and Wallace, 1992) at mildly alkaline pH have detected the presence of a pafüally

denatured self-associated species at intermediate Gdn-HCl concentrations. For both bGH

and pGH, the properties of this species include a reduction in intensity and red shift in the

second derivative of the trplt6[0-0] absorption band, a prominent 0¡oo band and a

propensity to precipitate during refolding (Havel et a1.,1986; Brems, 1988; Bastiras and
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'Wallace, 1992). It has previously been shown that the addition of a peptide fragment

encompassing helix 3 of bGH (residues 96-133) during the refolding of bGH, reduced both

the intensity of the 0366 band and the precipitation that occurs during refolding, presumably

by preventing the formation of the associated intermediate (Brems et al., 1986; Brems,

1988; Lehrman et al., 1991). An associated intermediate has also been detected in the

equilibrium-folding pathway of hGH (DeFelippis et al.,1993). This species did not exhibit

a 0¡oo band, however, peptide fragments from the third helix of either hGH or bGH were

capable of inhibiting the formation of the associated species thereby preventing

precipitation during refolding (DeFelippi s et al., I 993).

The similarity in spectral characteristics between the Gdn-HCl-induced equilibrium

associated intermediates for pGH and bGH and the associated intermediate for pGH at pH

2.0 and 4 M urea suggests that theymaybe structurally alike. The amino acid sequence

encompassing the third helix of pGH is identical in sequence to helix 3 of bGH except for

a leucine to glutamine substitution at position 121 (Figure 4.1). The helix is also

amphipathic in nature and shares a high degree of sequence homology with hGH (Figure

4.1). Considering this similarity, it is possible that helix 3 of pGH is involved in the

self-association of pGH at pH 2.0 and 4 M urea. In contrast, the self-associated species at

pH2.0 in the absence of 4 M urea has different characteristics, the most notable being the

absence of the 0¡oo band and the different model of self-association. This suggests that

helix 3 may not be involved in the formation of the associated intermediate in this solvent

system. The aim of this chapter rwas to determine whether a peptide fragment

encompassing helix 3 of pGH (residues 96-133; pGH(96-133)) was involved in the

formation of the associated intermediate at pH 2.0 with or without 4 M urea.
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4.2 RESULTS

4.2.1. Isolation and Purification of pGH(9G133)

4.2.1.1 Anatytical Isolation and Purification of pGH(9G133)

The potential sites of trypsin cleavage in pGH are shown in Figure 4.2. Following limited

proteolysis of pGH with sequence-modified trypsin (1:500 trypsin:pGH, w/w; incubated

for t hour at25"C), proteolytic fragments were separated by RP HPLC as described in

2,2.3. Limited proteolysis of pGH generated 4 peptides, which are identified as P1-P4 in

order of elution (Figure 4.3). The digest pattern shown in Figure 4.3 was consistently

reproduced in repeat experiments (n : 4). An elution profile of undigested pGH and a

control incubation of trypsin alone are also shown and do not contribute to the profile of

partially digested pGH (Figure 4.3). The peptides P1-P4 were collected and characterised

by electrospray íonization (ESI) mass spectrometry (Table 4.1). The experimental mass of

4345 (Table 4.1) for peptide Pl agreed with the calculated theoretical mass of 4344 for

intact pGH(96-133). The identity of Pl as pGH(96-133) was confirmed by partial

N-terminal sequence analysis.

4.2.1.2 Optimisation of pGH Digest Conditions

For the preparative isolation and purification of peptide Pl, pGH(96-133), the use of

sequence-modified trypsin was inappropriate, in terms of both the quantity required and

expense incurred. As a result, an unmodified enzyme was chosen to isolate pGH(96-133).

To ensure that the same products as described in 4.2.7.1 were obtained, a preliminary

digest with the unmodified enzqe was performed (Figure 4.4). Limited proteolysis

generated 3 main peptides (Figure 4.4). Based on the o/o acetonitnle at which each peptide

eluted, peptides Pl and P2 were assigned. Note that the elution gradient employed was
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Chapter 4. Self-association of pGH

initiated from 30% acetonitrile, resulting in different retention times to those recorded in

4.2.1.L 4 previously undetected peptide was observed and denoted as P5. Very little

undigested material (peptide P4, Figure 4.3) was observed, with an estimated amount of

<IYo remaining. This compares with approximately 40Yo when the sequence-modified

trypsin was used. Considering the apparent extent of digestion with the unmodified trypsin,

there was only a slight increase in the relative amount of peptides Pl and P2, compared to

the digest using sequence-modified trypsin. The lack of undigested material using the

unmodified trypsin suggested that the enzpe had an enhanced activity and an increase in

the amount of Pl would have been expected. However, the negligible increase in amount

of Pl suggested that some intemal peptide cleavage might be occurring (Figure 4.2). In an

endeavour to increase the yreld of Pl, a digest time course comparing two

enzyme:substrate ratios was employed: pGH was digested with 1:200 (w/w) and 1:500

(w/w) trypsin, and reacted for 30 minutes, t hour and2 hours (Figure 4.5). There was very

little change in the amount of Pl between all time points, tvhen using 1:500 (w/w) trypsin

(Table 4.3). The amount of Pl obtained using the 1:200 (w/w) trlpsin was similar to the

1:500 (w/w) digest at the 30 min and t hour time points but greatly reduced at 2 hours.

Although the peptide P5 was present in all chromatograms (Figure 4.5), the smallest

amount was seen in the 30 minute incubation using 1:500 trypsin.

4.2.1.3 Preparative Isolation and Purification of pGH(96-133)

From the above results, the preparative digest was performed using an enzpe to substrate

ratio of 1:500 (w/w) and areaction time of 30 min. An initial analysis of the digest mixture

by analytical RP HPLC was performed to confirm the presence of Pl, pGH(96-133),

(Figure 4.6 A). The elution profile obtained was consistent with the previous profile for a

reaction time of 30 minutes at 1:500 (w/w) trypsin. The elution profile from the preparative
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IENZYMEì QUANTITY (pg)

30 MINUTES 1 HOUR 2 HOI'RS

1:500 (w/w) t.4t t.4t t.4l

1:200 (w/w) 1.68 1.42 0.628

TABLE 4.3 eUANTITATION OF pGH 96-133. The quantity of peptide was determined as described in detail in section 2.2.3.2.
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purification is shown in Figure 4.6 B. Fractions were analysed by analytical RP HPLC and

Pl was detected in the back shoulder of the peak labelled b (Figure 4.6B, highlighted in

red). This purification did not afford good separation of Pl, as Pl co-eluted with P2.

Therefore a second RP HPLC step, using a C4 column (10 mm i.d. x 100 mm) was

employed to purify Pl from P2 (see Figure 4.7 for a typical elution profile). A total of 20

runs were required to obtain suff,rcient material, 1 -g, for further experiments.

4.2.2 The Associated States of PGH

The associated intermediate of bGH at equilibrium is less soluble than either the native or

denatured states (Brems, 1988). This was demonstrated by using an indirect two-step assay

where: 1) various folding conformers, including the associated intermediate were

populated at various Gdn-HCl concentrations at a protein concentration sufficient to induce

the formation of the associated intermediate,2) the various conformers were introduced, by

a simple dilution, into solvent conditions that induced precipitation. Following

centrifugation to remove precipitates, the remaining soluble protein was quantitated by the

tIV absorbance at 2t8 run, The same assay has also been used to detect the presence of an

associated intermediate along the equilibrium folding pathway of pGH (Bastiras, 1992) and

hGH (DeFelippis et aI., 1993). Moreover, the assay has been used to demonstrate the

ability of peptide fragments spanning the third helix of both bGH and hGH to inhibit the

formation of the associated intermediate of bGH and hGH during refolding (Brems et al',

1986; Brems, 1988; Lehrman et al.,l99I DeFelippis et al',1993).

In this study, a similar indirect two-step assay to that described above was used to

determine: 1) the relative solubility of the associated state at pH 2.0 in the absence and
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presence of 4 M urea, and 2) to determine if pGH(96-133) could inhibit the formation of

the associated intermediate.

4.2.2.1Solubility of the Associated States of pGH at pH 2.0

To examine the solubility characteristics of the associated states of pGH at pH 2.0, the

refolding reaction was studied as a function of initial urea concentration using a protein

concentration of 2 mg/ml. Refolding was initiated by dilution into a non-denaturing

solution at a final concentration of 1 M urea, pH 8.0. Figure 4.8 illustrates the percentage

of soluble pGH at pH 2.0, as a function of urea concentration following the precipitation

step. In the absence of urea, approximately 35Yo of the protein precipitated when diluted to

pH 8.0 and I M urea. At 4 M urea, as much as 85% of the protein precipitated when

diluted to pH 8.0 and 1 M urea. Even at 9 M urea, 45Yo of the protein was found to

precipitate.

4.2.2.2 The Effect of, pGH(9G133), on the Association of pGH at pH 2.0

With or Without 4 M Urea.

For this experiment, a peptide concentration of 100 pM, equating to a molar ratio of 10:1,

peptide:protein was used. The Ezts of pGH(96-133) in comparison to pGH is negligible

(there are no aromatic residues in the peptide), so any peptide remaining in solution would

not contribute to the final absorbance at278 nm. The addition of pGH(96-133) had no

significant effect, within experimental error, on the extent of precipitation at pH 2.0

without urea (Figure 4.9). At pH 2.0 inthe presence of 4 M urea, the addition of pGH(96-

133) inhibited precipitation by approximately 25o/o. The change in intrinsic fluorescence

and l.-u*of pGH at pH 2.0 inthe absence and presence of 4 M urea and pGH(96-133) is

4.10. Spectra obtained without the addition of the pGH(96-133) peptideshown in Figure

86-



g60
L',
U
r¿
ú40
s

100

80

20

0

r ii
a a

t r
¡

t tT

0123456789

tuREAl (ll,I)

IIIGURE 4.S TTIE EFFECT OF UREA CONCENTRATION ON TI{E SOLIJBILITY OF

pGH at pH 2.0. Porcine growth hormone, at an initial concentration of 2 mglml, was incubated

in varying concentrations ofurea atpFI2.0. Each sample was then diluted to 1.0 M urea, pH 8.0

and 0.18 mg/rnl. The amount of pGH remaining soluble was calculated from an absorbançe

measurement at 278 nnt. The error bars represent the standard error of the mean value (z: 3)



100

0 4

[uREAl

FTGURE 4.9 TIIE EFFECT OF pGH(96- 133) ON THE SOLUBILITY OF pGH AT pH 2.0 IN
TI{E ABSENCE AND PRESENCE OF 4 M UREA. Porcine growth hormone, at an initial
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the addition of a lO-fold molar excess of pGH(96-133). Each sample was then diluted to a final

concentration of 0.18 mglml pGH in 1.0 M ure4 pH 8. The amount of pGH remaining soluble

was calculated from an absorbance measurement at 278 nm on the supernatant after centrifugation

at 12000 x g for 10 min. The error bars represent the standard error of the mean value (n:3\.

Black column: refolding without pGH(96-133).
Red column: refolding with pGH(96- 133).
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FIGURE 4.10 FLUORESCENCE EMISSION SPECTRA OF pGH AT pH 2.0, IN THE
ABSENCE AND PRESENCE OF 4 M LIREA AND pGH(96-133). Emission spectra

were recorded as outlined in2.2.5. The pGH concentration was 0.2 mg/ml. pGH(96-133)

was at a lO-fold molar excess.

pH2.0 - 4 M urea - pGH(96-133) ---
pH2.0 + 4 M urea - pGH(96-133) 

-

pH2.0 - 4 M urea + pGH(96-133) --
pH2.0+ 4 M urea + pGH(96-133) 

-
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are consistent with the spectra obtained in Chapter 3 (3.2.I). At pH 2.0 in the absence of

urea, the addition of pGH(96-133) does not effect the relative fluorescence emission

intensity or the X.u*. In contrast, when pGH(96- 133) is included at pH 2.0 in the presence

of 4 M urea, the relative fluorescence emission increases and is comparable to that at pH

2.0 in the absence of urea. In concert, the I-u* is blue-shifted from 344 + 1.0 nm to 333 +

1 .0 nm, similar to the value of À-u* at pH 2.0 without urea (Chaptet 3; 3 .2.1).
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4.3 DISCUSSION

The formation of protein aggregates from the self-association of partially denatured or

misfolded proteins is a competitive off-pathway reaction in both in vitro and in vivo protein

folding. Protein association, in vitro, is often a causative agent for technical and

economical problems in the pharmaceutical and biotechnology industries. Of critical

importance is the effect of protein association in vivo, where the pathology of a number of

human diseases, for example the amyloidoses, is associated with the association and

subsequent deposition of protein aggregates (Sipe, 1992). Specific interactions between

hydrophobic surfaces in partially folded intermediates are believed to be responsible for

association (reviewed in Fink, 1998). Importantly, the factors and conditions that invoke

intermediate formation favour association, and ultimately it is the characteristics of these

intermediates that are the important determinants of association.

The partial denaturation of bGH invokes the exposure of the hydrophobic surface of the

third helix. If the protein concentration is sufficiently high, the hydrophobic face of one

amphipathic helix will interact with complementary surfaces of adjacent molecules,

resulting in the formation of the associated intermediate (Brems et al., 1986). It was

proposed that the hydrophobic surface of helix 3, bGH(96-133), interacted with the

exposed hydrophobic surface of partially denatured bGH to prevent the self-association of

bGH intermediates.

Self-association of pGH at pH 2.0 and ín the ahsence of urea

The addition of pGH(96-133) had no significant effect on the association reaction of pGH

at pH 2.0 without 4 M urea. This suggests that the hydrophobic face of helix 3 in pGH is

not exposed in the partially denatured protein. Whilst there is minimal residual tertiary
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structure as evidenced by the loss of signal in the near-IJV CD spectra (Chapter 3, section

3.2.4.1), the majority of secondary structure is retained (Chapter 3, section 3.2.4.2)' The

small shift in À,nu* is indicative of Trp86 in a hydrophobic environment; most likely

remaining buried within a relatively structured hydrophobic core.

Acid is a highly specific unfolding agen| that acts at a limited number of high-affinity

proton binding sites (Dill, 1990). As the net charge on a native protein is increased (e.g.

from acidification), there is an increase in charge repulsion, which causes a native protein

to become destabilised and unfold (Dill, 1990). For pGH at pH 2.0, charge repulsion

induced by an increase in the overall net charge of the protein is not strong enough to

completely unfold the protein. It is more likely that acidification causes small clefts on the

surface of pGH to form, exposing a hydrophobic pocket(s) that is stabilised by association

with an adjacent monomer (Figure 4.11). Subsequent self-association then proceeds by

unlimited addition of dimers represented as occurring in a classical 'head to tail' fashion

(Chapter 3, section 3.2.7', Table 3.3; Figure 4.11).

Self-associøtìon of pGH øt pH 2.0 ønd in the ptesence of urea

The addition of 4 M urea at pH 2.0 didnot measurably affect the strong formation of dimer

(Chapter 3, section 3.2.7; Table 3.3). However, the subsequent head to tail self-association

of the dimer is replaced by a discrete self-association where the largest species is an

octamer (Chapter 3, section 3.2.7; Table 3.3). This implies that the presence of urea at pH

2.0 acts to remove some binding sites from the surface of the partially folded pGH

monomer and creates new self-association sites, which ultimately change the conformation

and subsequent association of the dimer.
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FIGURE 4.1r THEORETICAL MODELS OF pGH SELF-ASSOCIATION AT pH 2.0 IN TIIE ABSENCE AND PRESENCE OF 4 M UREA.

The solid arrows, describing the first step at pH 2.0 and at pH 2.0 + 4 M urea, represent equilibria which could not be observed over the

concentration range of pGH measured in the unälyti.ut ultracenfifuge. The association constants are estimated to be > 5 x 106 M-1. All other steps

are represented by equilìbrium signs. "W" represents Trp86 which is partially exposed to solvent at pH 8.0 * 4 M urea and further exposed atpH2.0

* 4 M urea but apparently still in a highly asymmetric environment (*).
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The addition of pGH(96-133) reduced precipitation upon the refolding of pGH from pH

2.0 and4 M urea, consistent with the peptide fragment preventing self-association of pGH

intermediates. The inhibition of precipitation upon refolding seen in this study is similar to

that observed for the refolding of bGH and hGH in the presence of the analogous fragment

from each protein (Brems, 1988; DeFelippis et al., 1993). This suggests that the

intermediate of pGH at pH 2.0 and 4 M urea is structurally similar to the associated

intermediate(s) of bGH and hGH in pafüally denaturing Gdn-HCl concentrations. V/hilst

there is no experimental evidence to show that pGH(96-133) is involved in the association

of the pGH intermediate(s) in partially denaturing Gdn-HCl concentrations, the similarities

in the physical characteristics with bGH and hGH would suggest that this is likely.

DeFelippis et al., (1993), obtained direct evidence for the involvement of peptide

fragments from the third helix of bGH and hGH in the association of partially denatured

hGH. The addition of the peptide fragments increased the recovery of the monomer, which

suggests that the fragment is preventing dimer formation. More recently, in a study of the

conformational equilibria of hGH (Kasimova et a1.,1998), the hydrophobicity content of

the surface in the native state and partially folded conformation was calculated at 58Yo and

670/o respectively (Figure 4.12). The exposed hydrophobic surface in the pafüally folded

conformation was shown to be covered to a large extent by the helix 3 containing peptide,

which had been previously shown to prevent aggregation in refolding experiments

(DeFelippis et al.l.gg3,Kasimova et a1.,1998). The fluorescence properties of pGH at pH

2.0 and4 M urea were altered in the presence of pGH(96-133). The increase in the relative

fluorescence emission intensity and concomitant blue shift in the l,.u* are consistent with

the removal of a fluorescence quenching group from the vicinity of Trp86 and concomitant

formation of a more hydrophobic surrounding environment. The values for fluorescence
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Figure 4.I2 THECALCULATED FIYDROPHOBICITY CONTENT OF rhGH.

A. The calculated surface for the native state.

B. The calculated surface of the partially folded monomer.

The hydrophobic residues are coloured blue and polar residues are coloured red. The hydrophobicity surface was calculated according

to the structural parameters described by Luque and Freire (1998)'

Adapted from Kasimova et a1.,1998
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Chapter 4. SelÊassociation of pGH

emission intensity and ).-u* are similar to those obtained for pGH at pH 2.0 and no urea.

From this data it is plausible to suggest that pGH(96-133) associates with the partially

denatured pGH monomer in a similar way to that described above for hGH.

It is proposed that the combination of acid and 4 M urea act to partially denatures pGH,

invoking the exposure of the hydrophobic face of helix 3 and a large hydrophobic cleft

formed by the other 3 helices, without gross structural perturbation. Note that at pH 2.0 and

4 M urea, 75o/o of the o-helix is still present. The uncompensated exposure of this surface

leads to a highly unstable situation, which is satisfied by associating with a complementary

surface on an adjacent monomer. In growth hormone, the protein strands connecting a-

helices 1 and 2, and 3 and 4 permit separation of these s-helical pairs without the

concomitant loss of protein secondary structure (Abdel-Meguid et a1.,1987). Interestingly,

during the construction of a pGH model by Bastiras, (1992), the flexibility of helix 3

became apparent. The helix was able to easily "swing out" on a "hinge" peptide connected

to helix 4 without disrupting the rest of the model. Therefore, association of partially

denatured monomer may result from intermolecular packing of helix 3 from the first

monomer with helices from the second monomer, stabilising the associated state via the

hydrophobic effect. Electrostatic interactions may also play a role. From the model of the

predicted amphipathic helix (Figure 4.1), Glul17 is located in the hydrophobic face of

helix 3 and when ionised, may perturb the hydrophobic surface. Protonation of this residue

would potentially relieve this, increasing the chance for intermolecular hydrophobic

packing (Brems et al., 19S7b). If the exposed hydrophobic cleft is, as anticipated, similar

to that forrhGH described above, the intermolecularpacking of helix 3 from an adjacent

partially denatured monomer, would re-establish a hydrophobic environment surrounding

Trp86, which is consistent with the fluorescence data we observe in this study. The
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association of an intact but partially folded molecule may encounter steric hindrance,

particularly if intermolecular helix packing is necessary to stabilise the associated state. It

is therefore proposed that in the dimer, Trp86 would be located at the dimer interface,

creating a unique microenvironment that is responsible for the CD and second-derivative

spectroscopy signals reported in Chapter 3 (Figure 4' I 1).

The addition of pGH(96-133) to pGH at pH 2.0 and 4 M urea did not completely abolish

precipitation and therefore association. Similarly, the analogous peptide fragments from

both bGH and hGH were not able to completely inhibit association of partially denatured

bGH and hGH (Brems et a\.,1986; Brems, 1988; DeFelippis et a1.,1993). Moreover, the

peptide from each species exhibited different potencies on the ability to inhibit self-

association of the partially denatured proteins, which was attributed to the extent of helix

structure for each peptide at a given concentration (Lehrman et a1.,1990; DeFelippis et al.,

1993). The helix content of the peptide fragment bGH(96-133) is dependent on both the

pH of solution and peptide concentration, with enhanced helix stability achieved through

intermolecular association (Brems et al., 19S7b). V/ith the similarity between bGH(96-

133) and pGH(96-133) it is likely that pGH(96-133) shares the same properties. It is

proposed that the addition of 4 M urea may destabilize the helicity of pGH(96-133) thus

reducing its potential to associate with partially denatured pGH. However, it is also

reasonable to suggest that at the concentration of peptide used in this study (10 molar

excess), self-association of the peptide fragments may be a competitive reaction, reducing

the amount of peptide monomer available to associate with partially denatured pGH.

Another possibility is that other partially unfolded sites may be involved in the association

process. For example, formation of the monomer-pcH(96-133) complex creates new self-

association sites, as schematically outlined in Figure 4.13. This "new" associated species
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then precipitates upon refolding. It would be interesting to subject this system to

sedimentation equilibrium experiments to resolve the mode of association. The associated

intermediate(s) of partially denatured pGH at pH 2.0,4 M urea and 3 M Gdn-HCl, pH 9.1

are structurally similar (Chapter 3 and this Chapter). It is interesting that a combination of

low pH and urea has an apparently similar denaturation potential as that of 3 M Gdn-HCl

at alkaline pH. Urea and Gdn-HCl are commonly used as protein denaturants but there is

yet to be a well-defined molecular description of the interaction of these denaturants with

proteins. For small proteins Gdn-HCl is approximately twice as effective as a denaturant

as urea (Myers et al., 1995). In a study examining the helix unfolding of a series of

peptides as a function of Gdn-HCl, the m-value (defined as the slope of a linear plot of the

free energy of helix formation as a function of molar concentration of Gdn-HCl), was

found to be strongly dependent on the total ionic strength of the solution (Smith and

Scholtz, 1996). The homologous series of peptides were also used to examine urea

denaturation (Scholtz et a1.,1995) and comparison of the m-values revealed that Gdn-HCl

was approximately twice as effective as a denaturant as urea, in agreement with other

studies on proteins. However, when the ionic strength of Gdn-HCl was controlled with

NaCl, the m-value for Gdn-HCl was separated into two components: one that was identical

to that found for urea and a second, which was dependent on the molar concentration of the

chloride ion. In this study, the pH of solution was altered using 1 M HCl, thus providing a

source of chloride ions, which, in combination with 4 M urea, are apparently as effective in

partially denaturing pGH as 3 M Gdn-HCl at pH 9.1.

In conclusion, acidification invoked the partial unfolding of pGH and the formation of

discrete, structurally distinct intermediates with a high propensity to self-associate. The

final conformation and mode of self-association was strongly dependent on the solvent
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conditions employed. The sequence spanning helix 3 of pGH, pGH(96-133) has been

shown to reduce the precipitation of pGH on refolding, thus elucidating at least one

molecular association site. These findings may be important to understanding the details of

protein folding and aggregation in vivo.Peptides which retain structure in solution, may be

designed as a possible therapeutic for aggregation associated diseases, but, more than one

therapeutic agent may be required.
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Chapter 5. Acid-induced denaturation of pGH analogues

5.1 INTRODUCTION

Protein engineering is a technique that has been used extensively to study protein folding.

Whilst chemical and physical methods can characterise an overall folding mechanism, little

information is provided about the actual interaction(s) involved in the folding process

(Engelhard and Evans, 1996). By specifically mutating individual, or a group of amino

acid residues, the quantitative roles of that residue(s) in the protein folding process may be

ascertained. For example, determining the effect a mutation caî have on the

conformational stability of a protein can help us understand the interactive forces involved

in the acquisition of the unique fold of the native state (Matthews, 1993). There are also

many examples of where site directed mutagenesis has been used to study folding

intermediate(s) (Brems et a1.,1988; Lehrman et al.,l99l; Sanz and Fersht, 1993).

Comparison of the acid-induced denaturation of pGH, bGH and hGH highlighted that,

within a family of proteins, folding intermediates can display a great range of structural

variability. At Bresagen Ltd, various analogues of pGH had been made to study

ligand/receptor binding (Rowlinson et. al., 1994) and the reduction of aggregation in a

potential commercial refolding process. For commercial purposes rGH had also been

produced. Despite not being specifically designed to study protein folding, a number of the

pGH analogues have been used in the systematic evaluation of mutational effects on pGH

conformational stability (Bastiras, 1992). For the focus of this chapter, three of the pGH

analogues, pGH(M8), pGH(M17) and pGH(M31) and rGH were chosen for further

characterisation by acid-induced denaturation, with the aim of gaining further insight into

the physical properties of the intermediate state(s) of pGH (for clarity pGH will now be

referred to as wild-type pGH).

96



Chapter 5. Acid-induced denaturation of pGH analogues

The three pGH analogues used in this study are listed in Table 5.1, and the location of each

mutated residue on the pGH model (Rowlinson et al., 1994) is shown in Figure 5.1. The

analogue pGH(MS) contains a methionine to tryptophan substitution at residue 124 in helix

3. The insertion of the tryptophan was designed to act as a fluorescence reporter group to

monitor helix 3 mobility and the putative self-association reaction during refolding.

Previous equilibrium denaturation studies of pGH(M8), showed that folding/unfolding was

more closely approximated by a two-state mechanism, since it was observed that the

population of a folding intermediate was diminished (Bastiras, 1992).It was therefore of

interest to see whether a folding intermediate could be populated under acidic conditions.

In pGH(M17), lysine and arginine at residues 30 and 34 respectively, located on the C

terminal end of helix 1, have both been changed to glutamic acid. This double mutant was

originally designed to introduce a second calcium binding site in this region (Rowlinson e/

at., 1994). The inclusion of two glutamic acid residues results in a more acidic protein

when compared to wild-t1,pe pGH. From computational analysis (DNASIS), the apparent

isoelectric point (pI) of pGH(M17) is 5.36 compared to the pI of 7.1 for wild-type pGH.

The pI of pGH(M17) is similar to the pI of 5.14 for hGH, which was found to remain

essentially native when subjected to acid-mediated denaturation (DeFelippis et al.,1995)'

The inclusion of pGH(M17) in this study was to determine if the more acidic protein

would form a folding intermediate similar to hGH or wild-type pGH. The analogue

pGH(M31) contains the hGH sequence between helix2 and helix 3. In wild-type pGH, the

short connection between helix 2 and helix 3 has an Omega loop conformation

(Abdel-Me guid et al., lg87), which, in hGH is a short helix. This difference in

conformation was proposed to contribute to the increased stability of hGH (Bastiras, 1992).

More recently Gdn-HCl equilibrium denaturation studies of pGH(M31) have shown this

protein to have the same apparent conformational stability as wild-type pGH, but the stable
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PGH ANALOGUE MUTATION
pGH(M8) Metl24
PGH(MI7) L 0Glu;

PGH(M3 1) Thrg8Ala; Phe I 03Tyr; Thrl 05Ala

TABLE 5.1 LIST OF PGH ANALOGUES USED IN TFIE ACID-DENATURATION

AND KINETIC STUDIES. The mutation is designated as follows: the wild-type pGH

amino acid residue, the residue position (Abdel Meguid et al., 1987), amino acid

substitute.

Arg34 Lys30

HELIX 1

Phel03
c

HELIX 4

Ì{letl24

¡1

Thr98

HELIX 2
3

N

FIGURE 5.1 LOCATION OF MUTATED AMINO ACID RESIDUES ON TIIE PGH

MOLECULE. The structure of pGH was obt¿ined by energy minimisation (Rowlinson er

at.,1994), The amino and carboxyl terminus is denoted by N and C respectively. The

heávy atoms of each mutated amino acid residue are highlighted. The amino acid

numbering system is according to Abdel-Megaid. et al., (1981).

Figure prepared with the program MOLMOL (Koradi et al.' 1996)
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folding intermediate(s) have an increased propensity to associate (S. Bastiras, personal

communication). It was of interest to see the effect of this sequence change in acidic

conditions. With the variability between other members of the growth hormone family,

rGH was included in the study. The amino acid sequences of wild-type pGH (Seebùrg et

al.,1983) and rGH (Page et a\.,1981) are shown in Figure 5.2.The location of each varied

residue is shown on the model of wild-type pGH (Figure 5.3). All but one of the

polymorphisms in rGH are located within the loop regions of the protein and are

reasonably conservative. The amino acid substitution at position 125, where an arginine

residue has been replaced with a glutamine is found within helix 3.
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AFC FSET I PAPTGKDEAQQRS DVELLRFSLLLIQSVfLGPVQFTS FTNS

AFCFSET ] PAPTGKEEAQQRTDMELLRFS LLL I QSI/üLGPVQFLSRI FTNS
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LMFGT S DRVYEKLKDLEEGI QATMQELE DGS PRI GQ I LKQTYDKF MR

160 r10 180 190

S D DALLKNYGLL S C FKKDLHKAETYLRVMKCRR E S S CAF

S DDALLKNYGLLS C FKKDLHKAETYLRVMKCRR S SCAF

residueFIGURE 5.2 AMINO ACID SEQLTENCES OF PORCTNE GROWTH HORMONE AND RAT GROWTH HORMONE. Amino acid

differences between pGH and rGH are highlighted in red. The positions of the four helices in pGH are highlighted by yellow boxes.



Asp65

HELIX 2

Ala134

HELIX 4

Vall85

Argl25

Val102

SerTl
HELIX I

HELIX 3

Th¡147

F'IGURE 5.3 LOCATION OF AMINO ACID RESIDUES ON T}IE PGH

MOLECULE THAT ARE SUBSTITUTED IN rGH. The structure of pGH was obtained

by energy minimisation (Rowlinson et a1.,1994),based on the hGH/hGH receptor crystal

structure (de Vos et al., 1992). The N-terminus and C- terminus is denoted by N and C

respectively The heavy atoms of each amino acid residue are highlighted' The amino

acid numbering system is according to Abdel-Meguid et al., (1987).

Figure prepared with the program MOLMOL (Koradi et al',1996)
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5.2 RESULTS

5.2.1Changes in Conformation as Determined by Intrinsic F'luorescence

pGH(MS) ln the absence of 4 M urea, the change in the relative fluorescence intensity

(.I3a6) profile of pGH(M8) was clearly biphasic through the transition from pH 8.0 to pH

2.0 (Figure 5.4 A). Izqo decreased between pH 8.0 and pH 5.0, reaching a minimum at pH

4.9. An increase in lza,o was observed between pH 5.0 and 3.0 with no apparent change

between pH 3.0 and pH 2.0. There was only an apparently small change in the fluorescence

intensity at pH 8.0 and pH 2.0. The accompanying values of Lnu* followed a monophasic

transition (Figure 5.4 B), with an overall blue shift from 343 + 0.5 nm at pH 8.0 to 335 +

0.5 nm atp}J2.O.

At pH 8.0 the 13a6 was greater in the presence of 4 M urea, than in its absence (Figure 5.4

A). In contrast, there was a decrease inX,nu* of 3 nm (Figure 5.4 B). AtpH 2.0,hqohad

decreased to a value similar to that observed at pH 2.0 in the absence of urea. Within the

pH range examined, two acid-induced transitions were observed, with midpoints at

approximately pH 6.3 and pH 3.9 (Figure 5.4 A; Table 5.2). A small blue shift in the l.-u*

from 340 + 0.5 nm to 337 + 0.5 nm at pH 8.0 and pH 2.0 accompanied the change in has

(Figure 5.4 B).

pGH(M|7) The acid-induced denaturation of pGH(M17) as monitored by 1¡¿o is shown in

Figure 5.5 A. In the absence of 4 M rlrea, a gradual decrease inly,o within the pH range

8.0-5.0 was observed. In the pH range 5.0-2.0 the data followed a smooth sigmoidal curve

with an approximate 3-fold increase inhqo and an apparent midpoint atpH 3.92 (Figure

5.5 A; Table 5.2). The change in X,',u* was only marginal throughout the pH tafrge
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FIGURE s.4 ACID-INDUCED DENATURATION OF pGH(M8) MONITORED BY
FLUORESCENCE SPECTROSCOPY. Fluorescence emission spectra were recorded as

described in2.3.2.2. The protein concentration was 0.22 mglrnl. The data are representative

of n: 5 experiments.

A relative fluorescence intensity at 340 nm (4+o):

- urea *- I urea --!-

The solid lines are the calculated curves determined from nonlinear regression analysis of the

raw data, using Equation2, as described \n2.3.2.1.

B effect of acid on the maximum emission wavelength (\o""):

- urea -v- * urea --{-



UV ABSORBANCE
PLUS UREA

5.11 + 0.04

4.90 + 0.03

5.14 + 0.04

5.42 + 0.04

4.86 + 0.03

UV ABSORBANCE
MINUS UREA

3.59 + 0.03

3.59 + 0.05

3.65 + 0.18

3.64 + 0.05

3.35 + 0.10

FLUORESCENCE
PLUS UREA

5.16 + 0.06

NDU

4.39 + 0.18

5.50 + 0.07

5.44 + 0.04

FLUORESCENCE
MINUS UREA

4.08 + 0.06

NDU

3.92 + 0.06

4.02 + 0.06

4.29 t 0.03

PGH ANALOGUE

wild-t1pe pGH
pGH(M8)
pGH(M17)
pGH(M31)

rGH

TABLE 5.2 SIIMMARY OF MIDPOINTS FOR THE ACID-INDUCED TRANSITIONS OF WILD-TYPE PGH, PGH
ANALOGUES AND TGH, IN THE PRESENCE AND ABSENCE OF 4 M UREA, MEASIIRED BY DIFFERENT

SpECTROSCOPIC TECHNIQUES. All data were fitted by non-linear regression using the equation by Oliveberg et. al., 1994 lor

has or using a sigmoidal function (Bailey & Ollis, 1986). The reported values are the mean and standard deviation between separate

experiments (n: 5).
u Not Determined
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FIGURE s.5 ACID-INDUCED DENATIIRATION OF pGH(MI7) MONITORED BY

FLUORESCENCE SPECTROSCOPY. Fluorescence emission spectra were recorded as

described in2.3.2.2. The protein concentration was 0.22 mg/ml. The data are representative

of n: 5 experiments.

A relative fluorescence intensity at 340 nm (13ae):

- urea O +urea O

The solid lines are the calculated curves determined from non-linear regression analysis of
the raw data, using Equation 2, as describedln,2.3.2.1.

B effect of acid on the maximum emission wavelength (À."^):

- urea --o- * urea -l-
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examined, with a slight red shift of 1 nm from 333 + 0.5 nm at pH 8.0 to 334 + 0.5 nm at

pH 2.0 (Figure 5.5 B).

At pH 8.0 in the presence of 4 M urea, a 6 nm red shift in the ?u,nu* to 338 + 0.5 nm (Figure

5.5 B), was accompanied by an increase in I1y1o (Figure 5.5 A). In the pH range 8'0-5.0, a

decrease in has, similar to that seen in the absence of 4 M urea was evident. In the pH

raîge 5.0-2.0,13a6 increased to a value only slightly above that of the folded protein at pH

8.0, with anapparcnt midpoint of 4.39. There was a gradual red shift in the L*u* to a

maximum of 342.5 + 0.5 nm. This was followed by a small blue shift back to 340 + 0.5 nm

(Figure 5.5). Interestingly, the red shift in l..u* occurred within the pH tange 8.0-5'0,

corresponding to the decrease ín l3as.

pGH(M31) The acid-induced denaturation of pGH(M31) as monitored by.I¡+o is shown in

Figure 5.6 A. In the absence of 4 M urea, a gradual decrease in has, within the pH range

8.0-5.0, similar to pGH(M17) was observed. Through the pH naîge 5.0-2.01¡¿o followed a

smooth sigmoidal curye with an approximate 6-fold increase and an apparent midpoint at

pH 4,02 (Figure 5.6 A; Table 5.2). The accompanying changes in l.-u* are shown in Figure

5.6 B. At pH 2.0 the 1.,u* was red shifted by 4 nm from 339 + 0.5 nm to 333 + 0'5 nm.

At pH 8.0 and 4 M urea, the ).-u* red shifted 7 nm to 336 + 0.5 nm (Figure 5.6 B) and l3as

increased (Figures 5.6 A). Through the pH range 8.0-2.01¡¿o followed a smooth sigmoidal

curye with an apparent midpoint at pH 5.5. The Çu* gradually increased, reaching a

maximum of 345.5 + 0.5 nm at pH 2.5 (Figure 5.6 B).
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the raw data, using Equation 2, as described\n2.3.2.1.

B effect of acid on the maximum emission wavelength (\**):

-urea +- *u¡g¿ --+-
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rGH In the absence of 4 M urea, 1¡+o exhibited a 5-fold increase through the transition

from pH 8.0 to pH 2.0 (Figure 5.7 A). The increase followed a smooth sigmoidal curve

with the apparent midpoint of transition at pH 4.29 (Figure 5.7 A; Table 5.2). The plot of

l..u* was clearly biphasic (Figure 5.7 B). A red shift in the ì.-u* from 330 + 0.5 nm at pH

8.0 to 336 + 0.5 nm at pH 4.0 was observed, followed by a blue shift to 332 + 0.5 nm at pH

2.0

The addition of 4 M urea at pH 8.0 produced a red shift of )"-"* to 335 + 0.5 nm (Figure 5.7

B). This was accompanied with a slight decrease in the 13as (Figure 5.7 A). Lowering the

pH to 2.0 invoked a 2-fold increase in h4s, with an apparent transition midpoint atp}J 5.44

(Figure 5.7 A; Table 5.2). The l.-u* red shifted 9 nm from 335 + 0.5 nm at pH 8.0 to 34I +

0.5 nm at pH 2.0 (Figure 5.7 B).

5.2.2 Changes in Conformat¡on as Determined by UV Absorbance

Figures 5.8 A-5.11 A, show the UV absorption spectra of pGH(M8), pGH(M17),

pGH(M31) and rGH at pH 8.0 and pH 2.0 in the absence and presence of 4 M urea. The

absorption maxima of each protein in the four solvent conditions are summarised in Table

5.3. At pH 8.0 + 4 M urea the absorption maxima ranged ftom 277 + 0.2 nm for

pGH(M17) to278.65 r0.2 nm for pGH(M8), compared to278 + 0.1 nm for wildtlpe

pGH. For pGH(M8), the shoulder at 290 nm, characteristic of tryptophan, v/as more

prominent and further red shifted due to the insertion of the second tryptophan (Bastiras,

lgg2). The marginal difference in the absorption maxima between the other proteins was

most probably caused by small alterations in conformation within the vicinity of the

aromatic residues. Acidification from pH 8.0 to pH 2.0 in the absence and presence of 4 M
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A relative fluorescence intensity at 340 nm (13a6):

-urea tr *urea I

The solid lines are the calculated curves determined from nonlinear regression analysis of

the raw data, using Equation 2, as described in 2.3 .2.1 .

B effect of acid on the maximum emission wavelength (l-"*):

- urea --Ð- * urea --l-
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pH 2.0 MINUS UREA
276.20 + 0.2 nm

276.50 + 0.2 nm

215.80 + 0.2 nm

275.65 + 0.2 nm

276.50 + 0.2 nm

pH 2.0 MINUS UREA
216.5 + 0.2 nm

217.25 + 0.2 r:rr,,

276.40 +0.2nm
276.25 + 0.2 nm
277.25 + 0.2 nm

pH 8.0 PLUS UREA
278.00 + 0.2 nrrt

278.35 + 0.2 nm

277.30 + 0.2 rmt

277.15 L.0.2t:rrt
278.35 + 0.2 nm

pH 8.0 MINUS UREA
278.00 + 0.2 nm

278.65 + 0.2 nm

211.00 + 0.2 nm

277.60 + 0.2 nm

278.55 +0.2nm

pGH ANALOGUE
wild-type pGH

pGH(M8)
pGH(M17)
pGH(M3 1)

rGH

TABLE 5.3 SUMMARY OF I-IV ABSORPTION MAXIMA FOR WILD-TYPE PGH, PGH ANALOGIIES AND TGH AT PH 8.0 AND PH

2.0, IN THE ABSENCE AND PRESENCE OF 4 M UREA.



Chapter 5. Acid-induced denaturation of pGH analogues

urea produced a general blue shift in all of the spectra (Figures 5 .8 A-5 . 1 1 A; Table 5 .3)

The spectra were also red shifted at wavelengths above approximately 293 nrn.

The calculated second derivative for each of the zero-order absorption spectra is shown in

figures 5.8 B-5.11 B. The wavelength minima attributed to the phenylalanine

chromophores in the 250270 nm region of the spectra dìd not change for each protein in

the four solvent conditions examined. The red shift above 293 nm was similar to that

observed for wild-type pGH and attributed to the movement of the T.ptl-o band. At pH 2.0

without urea, the red shift was small and comparable to wild-type pGH (Table 5.4). A

more significant and varied red shift was observed at pH 2.0 with 4 M urea between the

proteins (Table 5.4).

A plot of e2es as a function of pH for each protein is shown in Figures 5.8 C-5.11 C. The

changes in extinction and the midpoint of each transition are summarised in Table 5.5 and

Table 5.2, respectively. For pGH(M8), pGH(M31) and rGH, a smooth sigmoidal transition,

with a decrease in extinction of approximately 2000 M-l cm-l and 2500 M-l cm-r in the

absence and presence of 4 M urea, respectively was observed. For pGH(M17) smooth

transitions were also observed but the loss of extinction was significantly reduced with or

without urea (Table 5.5).

5.2.3 ANS X'luorescence

Emission spectra of 100 ¡rM ANS with the various pGH analogues at pH 8.0 and pH 2'0 i¡

the absence and presence of 4 M urea are shown in Figure 5.12. After correcting for the

blank (ANS in buffer alone), at pH 8.0 in the absence of urea, the fluorescence emission
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pH 2.0
minus4Murea plus4Murea

291.50 292.s5

290.65 290.80

290.80 292.rs
290.80 294.t0
290.95 293.65

pH 8.0
minus 4 M urea plus 4 M urea

290.90 290.90

290.s0 290.50

290.50 290.35

290.50 290.65

290.50 290.50

pGH ANALOGUE

wild-type pGH

pGH(M8)
pGH(M17)
pGH(M3 1)

rGH

TABLE 5.4 THE V/AVELENGTH POSITION OF THE T'P'LO ABSORPTION BAND DETERMINED
FROM THE DERTVATIVE OF THE ZERO-ORDER ABSORPTION SPECTRA FOR WILD-TYPE PGH,
pGH ANALOGUES AND rGH.



DECREASE IN e2es (M-r cm-l)
PLUS URXA

2500

2200
1800

2200

2200

DECREASE IN e2e6 (M-1 cm-l)
MINUS UREA

2100

2t00
t200
1500

2200

pGH ANALOGUE

wild-type pGH

pGH(M8)
pGH(M17)
pGH(M2 r)
rGH

TABLE 5.5 SUMMARY OF THE DECREASE IN MOLAR EXTINCTION COEFFICIENT (e2e6) AS

A FI-INCTION OF pH, tr.{ THE ABSENCE AND PRESENCE OF 4 M UREA FOR V/ILD-TYPE
pGH, pGH ANALOGUES AND rGH.
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was negligible. V/ith the addition of urea, a slight increase in ANS fluorescence with a

concomitant blue shift in the Çu* was observed.

At pH 2.0 in the absence of 4 M urea, there was an approximately 35-fold increase rn

fluorescence intensity for all analogues examined. kì each spectra a shoulder at

approximately 500 nm was seen, This was believed to be caused by a fluorescence afüfac|

known as the "Woods Anomaly", which had not be completely corrected for by the

software supplied with the Aminco Bowman fluorescence spectrometer. At pH 2.0 in the

presence of urea, the increase in fluorescence intensity was only a fraction of that seen

without urea, and ranged from an approximately 5-fold increase for pGH(M31), a 7-fold

increase for rGH, to a 9-fold increase for pGH(M8) and pGH(M17).

5.2.4 Size-Exclusion Chromatography

In the absence of urea, similar to wild-type pGH, no protein was recovered from the

Superose 12 column between pH 5.0 and pH 2.0. For all analogues, at pH 8.0 a single peak

with an elution volume corresponding to an apparent hydrodynamic radius of 18 ,A' was

observed (Figure 5.13). At pH 2.0 for the analogues pGH(M17), pGH(M31) and rGH, the

majority of the protein eluted early, with an elution volume corresponding to an apparent

hydrodynamic radius of 47 Ä. the elution volume and increase in size at pH 2.0 was

similar to wild-t1pe pGH at pH 2.O.ftwas interesting to note that for pGH(M17) and rGH,

a smaller peak with a radius comparable to that of the folded state for each analogue was

detected. This may be the acid-denatured monomer. The small peak was not observed for

pGH(M31). The elution profile for pGH(M8) was quite different. The later eluting peak

had a slightly expanded hydrodynamic radius (approximately 22 Ä) compared to the radius

of 20 ,Ä. for the folded state (Bastiras,1992) at pH 8.0. This was believed to be the partially
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unfolded monomeric intermediate. The broad nature of the early eluting peak suggested the

presence of more than one species. The majority of protein in this peak appeared to have a

radius of approximately 42 Ä. Interestingly, this species was slightly more expanded than

that of the Gdn-HCl unfolded state of pGH(M8) (Bastiras, 1992). The shoulder appeared

to represent a species with a slightly more expanded radius (approximately 48 Å;, similar

to the associated species for wild-type pGH.
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5.3 DISCUSSION

The aim of this study was to characterise the acid-induced denaturation of 3 pGH

analogues and rGH. In terms of acid-mediated partial unfolding, the four proteins in this

study, similar to wild-type pGH, fall into category II, with folding intermediates possessing

classic characteristics of the molten globule (Fink, 1995).

In the absence and presence of 4 M urea, the properties of the folding intermediates and the

pH-dependent transitions that lead to the intermediates, for the 3 pGH analogues and rGH,

in most cases, were similar to those observed for wild-type pGH in the same solvent

conditions. ln general, there was a loss of long raîge tertiary interactions (as detected by

UV absorbance), for all proteins, and Trp86 remained in a hydrophobic environment (as

detected by the Lnu* of intrinsic fluorescence). The retention of Trp86 in a hydrophobic

environment suggested that very little secondary structure had been lost. However, there

was evidence that the mutations did invoke subtle differences in the UV-absorbance and

fluorescence properties of the intermediates, which were dependent on the solvent system

employed.

pGH(M8) The decrease in UV-absorbance (hypochromicity) observed upon acidification

in the absence of 4 M urea was consistent with the loss of tertiary structure. The increase in

the quantum yield of ANS fluorescence at pH 2.0 suggests that pGH(M8) forms a molten

globule-like partially folded intermediate. The hydrodynamic properties of this

intermediate could not be determined from SEC and to date, no sedimentation equilibrium

studies have been performed. The fluorescence properties, particularly within the acid-

induced transition were quite different and complex when compared to those observed for

wild-type pGH. The complexity of fluorescence is invoked by the presence of two
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tryptophan residues, Trp86 and Trpl24, both of which contribute to the total fluorescence

emlss10n.

In the absence of 4 M urea, despite the initial decrease in fluorescence intensity between

pH 8.0 and pH 5.5, there was no appreciable difference in ?t u* suggesting that the

exposure of both tryptophan residues to the aqueous environment had not changed

appreciably. The decrease in fluorescence intensity could not be attributed to a loss of

protein as the values were coffected for the final protein concentration at each pH. It is

highly unlikely that the decrease in fluorescence was due to Trp86, as in wild-type pGH,

the fluorescence is already "quenched". An increase in quantum yield of fluorescence and

L,',u*, for the native state of pGH(M8), was previously attributed to the substitution of

methionine to tryptophan at position 124 in helix 3 of pGH (Bastiras, 1992). It was

suggested that the polar >NH group of Trpl24 would be exposed to the surrounding water

with the indole ring parallel to the inward facing hydrophobic face of helix 2. Therefore, it

is most likely that a change in the local environment of Trpl24 is responsible for the

decrease in fluorescence intensity observed between pH 8.0 and pH 5.5. As there was not a

significant change in ir.u* it is most likely that the fluorescence decrease was invoked by

the rearrangement of nearby residue(s), which have the ability to quench fluorescence'

V/hile the l.*u* continued to blue shift between pH 5.0 and pH 3.0 (Figure 5.4 B), the

fluorescence intensity increased (Figure 5.4 A). The significant blue shift suggested the

transfer of tryptoph an to a more hydrophobic environment, which in this study is believed

to be Trpl24. The residues Leu77, Leu78, Leu80 and Leu82 on helix 2 andLeul23 and

LeuI27 on helix 3 could form a pocket near the TrpI24. Movement of helix 3 may be

sufficient to position Trpl24 closer to this hydrophobic pocket. The concomitant rise in

fluorescence intensity seen here is speculated to be due to the removal of the quenching
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group from Trp86. However, transfer of a tryptophan residue to a hydrophobic

environment by virtue of a conformational change or protein association has also

correlated with an increase in quantum yield of fluorescence (Ward et al., 1995; Zhang et

al.,1997).

The addition of urea, did not significantly change the extent of hypochromicity. However,

the fluorescence was different and again complex. For wild-t1pe pGH, at pH 8.0 and 4 M

vrea, I34s was found to increase with a concomitant red shift in Lnu*. In contrast, for

pGH(M8), .I3as increased while )"-u* blue shifted. The decrease in l.-u* is probably due to a

change in conformation, which affects Trpl24 and masks any effect on Trp86. The rise in

13ae was most probably due to a change in position of the residue(s) responsible for

quenching the fluorescence of Trp86. The continual blue shift in l.-u* and decrease in ha,o

through the transition from pH 8.0 to pH 2.0, was most likely due to the combinatorial

effects of movement of the fluorescence quenching residue(s) and Trpl24.Irrespective of

these, the value of Lnu* at pH 2.0 suggested that both Trp86 and Trp124 ate each in a

relatively hydrophobic environment.

In contrast to wild-t1pe pGH where SEC and sedimentation equilibrium revealed the

absence of any monomer, both the partially unfolded monomer and associated state(s) of

pGH(MS) were resolved by SEC. Interestingly, the quantum yield of ANS fluorescence

paralleled that seen for wild-type pGH, suggesting that the surface hydrophobicity of each

species was equivalent. The partially unfolded monomer of pGH(M8) is less transient than

the partially unfolded monomer of wild-type pGH. The residues spanning helix 3 of pGH

are involved in the association of wild-type pGH at pH 2.0 and 4 M urea. It would appear

that the substitution of methionine for tryptophan in pGH might have impeded the ability
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to associate. This may in part be due to some structural alteration or steric hindrance

brought about by the tryptophan residue.

In summary, under acidic conditions, pGH(M8) forms a partially folded intermediate' The

monomeric intermediate is stabilised in the presence of 4 M urea and could be purified and

used for further structural studies.

pGH(M17) The fluorescence properties of Trp86 and ANS, suggested that the partially

folded intermediates for pGH(M17) were similar to wild-type pGH at pH 2.0 in both the

absence and presence of 4 M urea. However, for pGH(M17) the hypochromicity was

reduced in both solvent conditions. The double mutation of Lys30 and Arg34 to glutamic

acid (Figure 5.1) in pGH(M17), increases the local net charge of the C-terminus of helix 1

from -1 in wild-type pGH to -5 (Bastkas,1992). A high negative charge at the C-terminus

of an o-helix is contrary to the usual situation, where the negative charge due to the helix

dipole is stabilised by positively charged residues (Blagdon and Goodman, 1975).

Protonation of the glutamaic acid residues by acidification would restore a local nett

positive charge at the C-terminus of helix 1, inducing the stabilization of the helix dipole.

Moreover, protonation would also increase the hydrophobicity of the helix, as glutamic

acid would no longer be involved in hydrogen bond formation with the surrounding

aqueous solvent. Tyrosine 2g,located on helix I of pGH and apparently buried (Figure

3.17; Table 3.4), was postulated to contribute to the change in e2e6 (see Chapter 3). The

increase in helix stability and hydrophobicity most likely inhibits the exposure of Tyr29 to

solvent, as suggested in Chapter 3, thus reducing the loss of extinction as observed here.
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pGH(M31) In the presence of 4 M urea, replacing the sequence between helix 2 and helix

3 shifted the acid-induced unfolding transitions up by approximately 1.5 pH units

compared to 1 unit for wild-type pGH and the other pGH analogues (Table 5.1). Therefore

the tertiary structure of pGH(M31), as monitored by the IJV and fluorescence probes

appears to be less stable than wild-t1pe pGH. In addition, the Trp1L6 band for pGH(M31)

when compared to wild-type pGH was further red shifted by approximately 2 nm to 294

nm (Table 5.4). For wild{ype pGH at pH 2.0 and 4 M urea, the shift in the Trprl6 band

correlated with an intense CD band at 300 nm indicating that Trp86 was in a highly

as¡rmmetric environment. It would appear that Trp86 in pGH(M31) is in a slightly more

asymmetric environment than in pGH.

In hGH, the polar residue threonine, at positions 98 and 105, is substituted to the non-polar

residue alanine. In addition, phenylalanine at position 103 is replaced by a tyrosine (Figure

5.1). It is possible that these substitutions may destabilise loop-helix interactions, which

are important for protein stability. From Gdn-HCl-equilibrium denaturation studies,

pGH(M3l) was shown to form an associated intermediate with similar properties to wild-

type pGH. However, the association constant was significantly reduced to 3 nM, compared

with 30 pM for wild-type pGH (S. Bastiras, personal communication). In this case the

mutations appeared to stabilise the selÊassociated intermediate perhaps by making helix 3

more available for association by increasing the flexibility of the loop region.

rGH In the absence of urea, the biphasic nature of Lnu* suggested that at pH 4.0 a

conformation was stabilised, whereby the environment of Trp86 was more polar than seen

for the other proteins. Further acidihcation to pH 2.0 resulted in the blue shifting of I.u*,

consistent with the return of Trp86 to a near native-like hydrophobic environment. At pH
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2.0, wild-type pGH was shown to be associated, therefore, the l.-u* reflected Trp86 in the

associated state. With the similarity in Lnu* at pH 2.0 for the two proteins it is speculated

that rGH too, is associated at pH 2.0 and that the partially unfolded monomer is stabilised

at pH 4.0. The most significant change between the two proteins is at position 125 in helix

3, where an arginine has been replaced with a glutamine (Figures 5.2 &,5.3). This mutation

would result in the removal of a positive charge from the C-terminus of helix 3

destabilising the helix dipole and therefore the helix. For wild-type pGH, helix 3 has been

hlpothesised to be one of the sites involved in the association process. The destabilised

helix 3 in rGH would reduce the protein's ability to associate, stabilising the partially

unfolded monomer. Further acidification would expose other sites that were amenable to

association. The presence of partially unfolded monomer for rGH at pH 4.0 could be

confirmed by sedimentation equilibrium experiments.

In summary, the 3 pGH analogues and rGH all form partially folded intermediates with

classic characteristics of a molten globule. These characteristics include substantial loss of

l¡.jfüary structure, maintenance of a compact shape similar in size to that of the native state,

ability to bind ANS and a propensity to aggregate. However, the folding intermediates

have distinct properties in different solvent conditions. This study provides further

evidence of the great range of structural variability between folding intermediates.
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Chapter 6. Folding kinetics of wild{ype pGH and analogues

6.1. INTRODUCTION

To gain a complete understanding of the folding mechanism for any one particular protein,

it is fundamental to use a combination of equilibrium and kinetic studies. While

equilibrium studies provide information of the conformational stability of a protein and can

demonstrate the existence of stable folding intermediates, kinetic studies can demonstrate

the existence of transient intermediates that may escape detection during equilibrium

studies. ln many instances, where a denaturation curve has presented a classical two state

folding model, subsequent kinetic studies have revealed additional species, including

transient intermediates or multiple unfolded forms (Kim and Baldwin, 1982). Therefore,

equilibrium and kinetic studies are both complementary and distinct in the insight that they

provide (Garvey and Matthews, 1990). In addition to detecting transient intermediates,

kinetic studies of mutant proteins can reveal whether changes in stability measured in

equilibrium experiments most likely result from changes in the free energy of the native or

of the unfolded states.

The equilibrium denaturation of pGH demonstrated the folding pathway to deviate from a

two-state folding mechanism, being more consistent with the framework model of folding

(Bastiras and'Wallace,1992). A stable intermediate ensemble, with characteristics similar

to the molten globule were detected at partially denaturing conditions (Bastiras and

Wallace, 1992).

The presence of stable intermediates has been shown for several other members of the

growth hormone family, which include bovine, ovine and rat growth hormones (Bvget et

a1.,1966; Holladay et al.,lg74).In recent years, from both equilibrium and kinetic folding

studies, the folding pathway of bGH has been summarised by the following model:
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N<+1<+U
CI

/"..o"

where N, 1, U and /urro" are the native, monomeric intermediate, unfolded and associated

states respectively (Brems et al., 1983). The folding intermediate, I, is populated at

equilibrium in denaturation studies (Brems et al., 1986) and transiently, during kinetic

folding studies (Brems et aI., 1987a). Moreover, the structure of thas been likened to the

molten globule state, having been shown to be largely o-helical with the absence of rigid

tertiary structure.

The equilibrium denaturation of pGH is very similar to that of bGH, with the population of

a stable equilibrium folding intermediate ensemble under partially denaturing conditions,

which possess characteristics akin to the molten globule state. However, very little kinetic

examination has been made on the pGH folding process.

The aim of this chapter was to examine the folding kinetics of wild-type pGH using

stopped-flow fluorescence spectroscopy. Specifically, the intrinsic tryptophan fluorescence

of the single internalised tryptophan at position 86 within helix 2 (Trp86) was used to

follow the folding mechanism and address the questíon: are there transient intermediates

in the fotding pathway of pGH that are not detected at equilibrium? The folding kinetics

pGH(M8), pGH(M17), pGH(M31) and rGH was also examined using stopped-flow

fluorescence spectroscopy.
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6.2 RESULTS

6.2.1 Equilibrium Ir en aturatio n of Wild-Type pGH

The amplitude associated with a particular kinetic phase can be calculated in two different

ways: (1) the relative amplitude for a specific kinetic phase can be expressed as the

fraction of the total kinetically detected amplitude change. (2) Ihe kinetic amplitude can be

measured relative to the total equilibrium change and denoted as an absolute amplitude. In

this study, the amplitude associated with a kinetic phase is calculated as an absolute

amplitude. The determination of the absolute amplitude is useful, as it provides a test of

whether all the phases in refolding and unfolding are kinetically resolved within the

stopped-flow time range.

To be able to calculate the absolute amplitude associated with a pafücuIar kinetic phase,

the total equilibrium change at a given Gdn-HCl concentration v/as determined. The

Gdn-Hcl-induced equilibrium denaturation profile obtained for wild-type pGH, using the

stopped-flow instrument is shown in Figure 6.1. The fluorescence profile was consistent

with that previously described for the Gdn-HCl-induced equilibrium denaturation of pGH

(Bastiras and 
'Wallac e, 7992). The value of the relative fluorescence intensity at each Gdn-

HCI concentration was used to determine the total expected equilibrium signal change

between different denaturant concentrations.

6.2.2 Folding Kinetics of Wild-Type pGH

A typical kinetic trace obtained for the refolding of wild-type pGH, diluting unfolded

protein (protein equilibrated in 5 M Gdn-HCl) to 1.43 M Gdn-HCl, at a final protein

concentration of 0. 1 5 mglml, is shown in Figure 6.2 A. The kinetic data points were fitted

to both a single and double exponential function, with the residuals of the fits presented in
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Figure 6.2P.. The residuals returned from the fit to a single exponential were not random,

as they clearly resembled the kinetic trace. The single exponential function had apparently

not included the change in fluorescence within the first second of the refolding reaction. In

contrast, the residuals returned when the data was fit to a double exponential function were

both random and even. Refolding was thus characterised by a decrease in fluorescence that

was well described by a double exponential function. The two kinetic phases were

designated as a fast phase, with a time constant (r1) of 1.16 + 0.05 s that accounted for

approximately 55 Yo of the total expected fluorescence amplitude and a slow phase, with a

time constant (r2) of 8.1 1 + 1 s that accounted for the remaining fluorescence amplitude.

A standard test for the presence of dimeric or oligomeric folding intermediates is to

compare the refolding kinetics measured at different protein concentrations. The effect of

protein concentration on refolding was examined by dilution of a Gdn-HCl denatured

sample from 5 M to 1 .43 M, at final protein concentrations ranging from 0.15 mg/ml to 0.4

mglml The results are swnmarised in Figure 6.3 and Table 6.1. Two kinetic phases that

accounted for the total expected fluorescence amplitude were detected at all protein

concentrations. The time constant of the fast phase was concentration independent and

when averaged over the concentration range returned a value of 1.35 +0.26 s. The time

constant of the slow phase increased approximately 1.25-fold above 0.24 mf,ml,

suggesting a small dependence on the final protein concentration. The relative amplitudes

for the rute constants were protein concentration independent and contributed

approximately equally to the total expected fluorescence amplitude.
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FINAL PGH CONCENTRA.TION
(mg/nl)

TIME CONSTANT (s)

Ít T2

0.15 1.16 + 0.2 8.110 + 0.001

0.18 t.29 L0.2 7 757 + 0.002

0.20 1.07 + 0.3 7.304 + 0.001

0.24 1.39 + 0.5 7.199 + 0.007

0.29 7.82 + 0.4 9.270 + 0.010

0.40 1.68 + 0.4 10.560 + 0.020

TABLE 6.1 EFFECT OF PROTEIN CONCENTRATION ON TFIE REFOLDING

KINETICS OF WILD-TYPE pGH. Solutions containing varying amounts of
wild-type pGH in 5 M Gdn-HCl,25 mM sodium borate, pH 9.1 were diluted to 1.43

M Gdn-HCl, 25 mM sodium borate, pH 9.1. The raw data was fitted to a double

exponential function, with the reported values being the mean and standard deviation

foi the time constants between separate experiments (n: 5)'

TABLE 6.2 EFFECT OF PROTEIN CONCENTRATION ON THE UNFOLDING

KINETICS OF WILD-TYPE pGH. Unfolding was initiated by dilution of varying

amounts of wild-type pGH in 25 mM sodium borate, pH 9.1 to a final concentration

of 4 M Gdn-HCl, 25 mM sodium borate, pH 9.1. The raw data was htted to a single

exponential function, \ rith the reported values being the mean and standard deviation

foi the time constants between separate experiments (n: 5)'

FINAL PGII CONCENTRATION
(mg/ml)

TIME CONSTANT (s)

I
0.16 0.92 + 0.15

0.25 0.83 + 0.08

0.37 0.66 + 0.30

0.50 0.73 + 0.31

0.67 0.71 + 0.30

0.82 0.63 + 0.17
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6.2.3llnfolding Kinetics of Wild-Type pGH

An example of a kinetic trace obtained from the dilution of folded protein into strongly

unfolding conditions of Gdn-HCl (4 M), at a ftnal protein concentration of 0.15 mglml, is

shown in Figure 6.4 A. Unfolding was characterised by an increase in fluorescence that

was well fitted by a single exponential function (Figures 6.4 A and 6.4 B), with a tate

constant of approximately 0.92 s. However, this kinetic phase accounted for only a fraction

of the total expected amplitude. 
.While 

the final kinetic value of fluorescence was in

agreement with the equilibrium value, the initial detectable kinetic fluorescence did not

agree with the equilibrium baseline fluorescence. This finding suggested that in the

unfolding of wild-type pGH, there was a kinetically unresolved "burst phase", where at

least one faster reaction occurred within the dead time of mixing of the stopped-flow

instrument (approximately 4 ms).

Unfolding was also examined as a function of protein concentration. Folded protein was

diluted into strongly unfolding conditions of Gdn-HCl (4 M), at final protein

concentrations ranging from 0.15-0.8 mglml. The results are summarised in Figure 6.5 and

Table 6.2. A burst phase and a single detectable kinetic phase, which accounted for a

fraction of the total expected fluorescence amplitude, was detected at all protein

concentrations. The time constant of the detectable phase was independent of protein

concentration and when averaged over the concentration range returned a value of 0.75 +

0.1 s.
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6.2.4 Refolding and Unfolding Kinetics of Wild-Type pGH as a tr'unction

of Final Gdn-HCl Concentration

The refolding kinetics of wild-type pGH as a function of Gdn-HCl concentration are

presented in Figure 6.6. All data was obtained by diluting unfolded protein (protein

equilibrated in 5 M Gdn-HCl) into various Gdn-HCl concentrations at a final protein

concentration of 0.15 mg/ml. At this protein concentration, any contribution from protein

self-association is minimal (Bastiras and Wallace,1992). Two kinetic phases were detected

at all concentrations of Gdn-HCl and are designated by t1 and rz for the fast and slow

phase respectively. The time constant of the fast phase was shown to be independent of

Gdn-HCl and when averaged over the entire concentration range returned a value of I.2 +

0.05 s. The time constant of the slow phase was also independent in the range 1.43--2M

Gdn-HCl. At concentrations > 2 M, which corresponded to the folding transition region

(Bastiras and'Wallace,1992), the time constant appeared to exhibit a small dependence on

Gdn-HCl. The fractional amplitudes of each kinetic phase did not vary significantly across

the concentration range examined and accounted for the total expected fluorescence

amplitude.

Figure 6.6 Aillustrates the unfolding kinetics of wild-type pGH as a function of Gdn-HCl

concentration, and at a ftnal protein concentration of 0.15 mg/ml. A single kinetic phase

was resolved which exhibited a strong dependence on the final Gdn-HCl concentration.

The time constant ranged from approximately 0.9 s at 4 M Gdn-HCl to 2 s at 2.5 M

Gdn-HCl. Interestingly, Gdn-HCl concentrations between 3 and 4 M coincide with the

post transition region of wild-type pGH folding (Bastiras and 'Wallace, 1992). Tbe

amplitude associated with the single phase across the concentration range accounted for

only a fraction of the expected amplitude (Figure 6.6 B). The missing amplitude was

-lt1 -



l0

23

[Gdn-IICll
l0

00
23

[Gdn-HCt]

FIGURE 6.6 TFIE EFFECT OF Gdn-HCl CONCENTRATION ON THE REFOLDING
AND LTNFOLDING KINETICS OF WTLD-TYPE pGH. Refolding was initiated by the

dilution of unfolded wild-type pGH in 5 M Gdn-HCl, 25 mM sodium borate, pH 9.1, to the

indicated Gdn-HCl concentration, in 25 mM sodium borate, pH 9.1. Unfolding was initiated

by dilution of wild-type pGH in 25 mM sodium borate, pH 9.1, to the indicated Gdn-HCl
concentration, in 25 mM sodium borate, pH 9.1. The final protein concentration in all cases

was 0.15 mg/ml.

A. refolding time constants are represented by -€- fast phase (t1) and -f- slow phase

(t2) The Unfolding time constant is represented by --Y-

B. amplitudes calculated relative to the total expected amplitude based on equilibrium
fluorescence intensities i.e. absolute amplitudes. The symbols are the same as in A. The

amplitude of the unfolding "burst phase" is represented by +

çh

3z
3(t)
z
U
r¡tlà
3-

4

F08l-i

.-,3

zt 06

^àx<
rl F.l
4- 04
^rF

FI
È
X v./

I 4

A

w

B



Chapter 6. Folding kinetics of wild{1pe pGH and analogues

unquestionably due to a burst phase in unfolding. The relative amplitude of the burst phase

at each Gdn-HCl concentration was calculated as the difference between the initial protein

fluorescence (i.e. fluorescence of wild-t1pe pGH dissolved in buffer without Gdn-HCl),

and the initial kinetic fluorescence (Figure 6.6 B), and was found to be strongly dependent

on Gdn-HCl.

6.2.5 Folding Kinetics of pGH(M8), pGH(Ml7), pGH(M31) and rGH

An example of a typical kinetic trace obtained for the refolding of pGH(M8), pGH(M17),

pGH(M31) and rGH, when diluted from 5 M to 1.43 M Gdn-HCI, at a ltnal protein

concentration of 0.15 mg/ml is illustrated in Figure 6.7'

pGH(MS) The refolding of pGH(M8) was best described by a single exponential function,

with an amplitude that accounted for the total expected fluorescence amplitude obtained

from Gdn-HC|-induced equilibrium denaturation experiments (data not shown). The time

constant for this single kinetic phase was approximately 1.5 s. In contrast to the refolding

of wild-type pGH, the refolding of pGH(M8) was characterised by an increase in the

relative fluorescence intensity; both the initial and final relative fluorescence values were

consistent with those obtained from previous equilibrium denaturation studies performed

by Dr. S. Bastiras (personal communication)'

pcH(Ml7, pGH(M31) and rGH The kinetic data for the refolding of pGH(M17),

pGH(M31) and rGH was similar to that obtained for wild-type pGH i.e. refolding was

characterised by a decrease in fluorescence that was well described by a double

exponential function (Figure 6.7), which accounted for all of the expected fluorescence

amplitudes obtained from Gdn-HCl-induced equilibrium denaturation experiments (data
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not shown). The time constant for the fast phase of refolding for each protein was

approximately 1 s. The time constant for the slow phase of refolding varied slightly for

each protein with a value of 10 + 2.1 s,11.1 + 0.75 s and 15.4 + 0.2 s for rGH, pGH(M31)

and pGH(M17) respectively (Table 6.3)'

6.2.6 Unfolding Kinetics of pGH(M8), pGH(M17)' pGH(M31) and rGH

Figure 6.8 illustrates an example of a typical kinetic trace obtained for the unfolding of

pGH(M8), pGH(M17), pGH(M31) and rGH, when diluted from 0 M to 4 M Gdn-HCl, aI a

final protein concentration of 0.15 mglml. On each plot the initial fluorescence intensity of

folded protein (25 mM sodium borate, pH 9.1) and the fluorescence intensity of the protein

in 4 M Gdn-HCl at equilibrium are represented'

pGH(MS) For the unfolding of pGH(M8), a single kinetic phase was observed that was

well fit by a single exponential function, with an amplitude that accounted for the total

expected fluorescence amplitude (Figure 6.8). In contrast to the unfolding of wild-t1pe

pGH, the unfolding of pGH(MS) was characterised by a decrease in fluorescence. Similar

to the refolding of pGH(M8) as described above, both the initial and final relative

fluorescence values were consistent with those obtained from previous equilibrium

denaturation studies performed by Dr. S. Bastiras (personal communication).

pGH(M17), pGH(M31) and rGH The unfolding of pGH(MI7), and pGH(M31), was

characterised by a burst phase and a single measurable kinetic phase. The measurable

phase accounted for approximately 35o/o, and 50% of the total expected fluorescence

amplitude change for pGH(M17), and pGH(M31), respectively (Figure 6.8). A single

kinetic phase was resolved for the unfolding of rGH, which accounted for the total
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UNFOLDING
I ì

0.92 + 0.15

1.32 + 0.06

1.13 + 0.08

153 +27
0.21 + 0.01

REFOLDING
1r (s) Tz (s)

l.16 + 0.02 8.11+ 0.001

t.52 + 0.12 ND

1.06 + 0.03 15.4 + 0.002

0 73 + 0.20 11.1 + 0.75

1.28 + 0.26 10.0 + 2.1

pGH ANALOGUE

wild-type
t24

H(M1 R34

1 (T984; Fl03Y; Tl
rGH

TABLE 6.3 COMPARISON OF TI{E FOLDING KINETICS FOR WILD-TYPE pGH, pGH(Ms), pGH(M17), pGH(M3l) AND

rGH. Refolding was initiated by diluting protein in 5 M Gdn-HCl, 25 mM sodium borate, pH 9.1 to 1.43 M Gdn-HCl, 25 mM

sodium borate, pH 9.1 Unfolding was initiated by diluting Protein in25 mM sodium borate, pH 9.1 to 4 M Gdn-HCl,25 mM sodium

borate, pH 9.1. In all cases, the final protein concentration was 0.1 5 mglrnl. The reported values are the mean and standard deviation

for the time constants between separate experiments (n: 5).

ND; Not Detected



T

I

pGH(M8) pGH(M17)

ï

4.

5 l0 15

TIME (s)

10 15 20

TIME (s)

70

45

A A

65

I¡
U) ú)

ZEri= 60

Hr't-t ñ4t

^\ '-- <<vÐ
Þ¡r'r Cl!

t¡i
50

frì
l)a.E
Zr= zr

qC
f-l ñ
t4. , 1^
-s\J.Q
Þ¡r

tu

B
Øã
-

=o(t
A-3

(n,
-
ts-

â0
U)

n-2

30

10

l5

20020 46
TIME (s)

I 10

B

0246810 05
TIME (s)

FIGURE 6.8 LINFOLDING OF pGH ANALOGUES. Unfolding was initiated by the dilution of folded protein in 25 mM sodium borate, pH 9.1, to 4 M Gdn-HCl,

25 mM sodium borate, pH 9 1 . The final protein concentration in all cases was 0. 15 mg/ml
A. representative kineiic traces for the refolding of pGH(M8) and pGH(M17). The solid line is the calculated fit for a single exponential function. The relative

fluorescence intensþ ofeach analogue in 25 mM sodium borate and 4 M Gdn-HCl, pH 9.i are represented by   A and a O respectively.

B. the residuals for fitting the refolding kinetics to a single exponential function.



pGH(M31)

100 i50 200 2s0 300

TIME (s)

100 150 200 250 300

TIME (s)

rGH
10

0

A l0

0

A

B

8

6

4

2

l) 4t
ZE

aît¡t c\l¿,
-¡iv-a

tr

8

6

4

2

l) v)
ZE
Øc
F¡l æ

!/¡
ÐL'¡ 6l

l¡r

(t) 
^ts

â0
l-l(n
r¡
ú-4

(n.
ri
4

â0
(D
rc
ú:¿

050 02

02

46

TIME (s)

46

TIME (s)

810

810

B

0 50

FIGURE 6.g cont. TINFOLDING OF pGH ANALOGLIES. Unfolding was initiated by the dilution of folded protein in 25 mM sodium borate, pH 9.1, to 4 M

Gdn-HCl in 25 mM sodium borate, pH 9.1. The final protein concentration in all cases was 0. I mg/ml.

A representative kinetic traces for the refoldfng of pGH(M31) and rGH. The solid line is the calculated fit for a single exponential function. The relative fluorescence

intensity of each analogue in 25 mM sodium borate and 4 M Gdn-HCl, pH 9.1 are represented by A A and a a respectively.

B the residuals for fitting the refolding kinetics to a single exponential function.

T

I



Chapter 6. Folding kinetics of wild-t1pe pGH and analogues

expected fluorescence amplitude change (Figure 6.8). The time constant for the measurable

kinetic phase for each protein varied, ranging from 0.2 s for rGH to 153 s for pGH(M31)

(Table 6.3).
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6.3 DISCUSSION

In this study, intrinsic tryptophan fluorescence was used to examine the folding kinetics of

wild-type pGH, pGH(M8), pGH(M17), pGH(M31) and rGH. In native wild-type pGH,

Trp86 is buried within the well-defined hydrophobic core of the protein and is in close

proximity to an intramolecular quenching group, which results in a quenched native state

fluorescence. Therefore, a change in the intrinsic fluorescence is a good indicator of the

general refolding/unfolding of the molecule; however, it is not necessarily indicative of

changes in the secondary structure. The conformational integrity of pGH(M8), pGH(M17),

pGH(M31) and rGH has been previously examined by various spectroscopic methods and

in vitro receptor binding assays (Bastiras, 1992). The mutations did not induce any

apparent gross change in conformation or altered Trp86 microenvironment.

Reþldíng of wild-type pGH

The kinetics of folding and unfolding is a sensitive test for the detection of folding

intermediates (Dobson et. al., lg94).If a kinetic folding process is a two-state reaction

with no observable intermediates, folding will follow a single exponential time course. The

presence of an additional kinetic phase is evidence for the presence of a populated

intermediate. Resolution of two kinetic phases for the refolding of wild-type pGH provides

evidence for the presence of an intermediate along the kinetic folding pathway. Within the

first second of folding the decrease in intrinsic fluorescence suggests that intramolecular

quenching of Trp86 is significant, presumably as a consequence of interaction with side

chain(s) in a partially collapsed state. In previous kinetic studies of bGH (Brems et al.,

1987a) and hGH (Youngman et al., 1995), approximately 70'/" of the helix structure

formed in an unobservable burst phase. V/ith the structural homology between bGH, hGH

and pGH, it is most likely that a significant proportion of helix for pGH has formed prior to
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Chapter 6. Folding kinetics of wild{ype pGH and analogues

the fluorescence changes observed in this study. It is thus envisaged that within the first

second of folding the Trp86 containing hydrophobic core has become partially formed

creating a loose structure with some long range 1:ufüaty interactions.

In the subsequent slow folding phase of approximately 8 s, the final packing of the

hydrophobic core and correct alignment of the secondary structure via tertiary interactions

takes place, invoking the native interaction between Trp86 and the intramolecular

quenching moiety. In a number of small globular proteins, the slow kinetic phases of

folding are thought to represent the reversible folding of an intermediate to the native

conformation (Kim and Baldwin, 1982). The time constant of the slow phase increased at

elevated protein concentrations (ì 0.3 mg/ml). V/ith evidence for the presence of an

intermediate ensemble, the increase in time constant is most likely to be a consequence of

competing intermolecular interactions between these intermediates, similar to that

observed for bGH (Brems et al., 1987a) and a number of other systems (Utiyama and

Baldwin, 1986).

Unfolding of wild-type PGH

The unfolding of wild-type pGH vras significantly faster than refolding, with

approximat ely 50%o of the reaction occurring within the dead time of the stopped flow

instrument (< 5 ms), A burst phase was also observed in the unfolding of bGH as detected

by LlV-absorbance and only a fraction of the reaction was observable by far-llV CD

(Brems et al., 1987a). No explanation was given to the lack of coincidence between the

refolding and unfolding kinetics of bGH.
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The absence of a significant burst phase in refolding suggests that there is a slow initial

step in forming the protein's tertiary structure. In a study of the folding kinetics of the

equilibrium folding intermediate of apomyoglobin using tryptophan fluorescence, a similar

result was observed (Jamin and Baldwin, 1996). The folding intermediate of apomyoglobin

contains the A, G and H helices of myoglobin which form a compact, helical subdomain of

myoglobin (Hughson et a1.,1990). The authors suggested that the slow folding step might

take the form of a nucleation reaction: once a nucleus is formed, folding proceeds

extremely rapidly (Jamin and Baldwin, 1996). In a study of the kinetics of unfolding and

refolding oligonucleotide rAn.rUn double helices, a burst phase in unfolding but not in

refolding (Pörschke and Eigen, lg7l) was observed. The absence of a burst phase in

refolding was explained by the nucleation of the double helix in the first step of refolding:

this was a pre-equilibrium step with a highly unfavourable equilibrium constant as

measured directly with a special temperature-jump apparatus (Pörschke, 1974)' The burst

phase in unfolding was caused by the rapid initial unzipping of base pairs at either end of

the double helix, which was fast, The folding mechanism of pGH is consistent with the

framework model (secondary structure forming independently of tertiary structure)' If a

significant proportion of the u helical secondary structure of pGH forms within 5 ms of the

refolding reaction (as seen for bGH and hGH), this structure may be a "nucleus" or the

rate-limiting step required for the subsequent and apparently slow formation of tertiary

structure. In contrast, for the unfolding of pGH, the data suggests that there is a very fast

concomitant loss of secondary and tertiary structure ("burst phase") with the formation of

the intermediate ensemble, which is followed by a final unfolding step' Note that in

equilibrium denaturation studies of wild-type pGH, the initial loss of helix upon unfolding

was coincident with the disruption of tertiary structure. In native wild-type pGH, Trp86

fluorescence is quenched. The increase in fluorescence in the burst phase may reflect the
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removal of this quenching moiety, which is then followed by the complete unfolding of the

protein and exposure of Trp86 to the bulk solvent.

The dependence of the detectable unfolding phase on the final protein concentration was

negligible. In this study, the change in fluorescence reflects the removal of the moiety

responsible for the native-state quenching of Trp86. Previous results have shown that the

quenching moiety is removed in the associated intermediate (Bastiras, 1992).

Consequently, unfolding monitored by fluorescence would be expected to be

concentration-independent because association occurs subsequent to fluorescence-detected

denaturation

Kínetic intermedíate fot wild-type pGH

The results from this study suggest that a kinetic folding intermediate exists along the

folding pathway of wild-tlpe pGH. The refolding and unfolding kinetics determined by

intrinsic fluorescence for wild-t1pe pGH are qualitatively similar to the kinetics obtained

by UV absorbance at 290 nm for bGH refolding and unfolding (Brems et a1.,1987a); the

two optical detection techniques being probes of tertiary structure. The increased

dependence of the kinetic data for the slower phase of refolding at elevated protein

concentrations for wild-t1pe pGH, was also seen in the refolding of bGH and attributed to

the formation of a transient associated species (Brems et al., 1987a). Despite the kinetics of

secondary structure acquisition remaining unknown for wild-type pGH, by analogy with

the homologous protein bGH, it is likely that the features of the kinetic intermediate

ensemble detected for pGH are consistent with those of equilibrium molten globule states.
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In simplistic terms, the kinetic mechanism, which describes the folding of wild-type pGH

can be written as:

slow fast

N<+1eU
I

Iurro.

where N, I, I.rro" and U correspond to the native, intermediate, associated and unfolded

forms respectively.

The transient associated species for bGH was characterised by a strong CD signal at 300

nm [0366], a unique signal seen for the associated species detected at equilibrium (Havel et

al., 1986). For pGH, the associated species detected at equilibrium under partially

denaturing conditions (3 M Gdn-HCl, pH 9.1), is also characterised by the same unique

CD signal at 300 nm (Bastiras and 
'Wallace, 1992).If the transient kinetic intermediate of

pGH is similar to the intermediate detected at equilibrium, it would also have the same

unique CD signal [0:oo]. Whether this species is similar to that formed near 3 M Gdn-HCl

in equilibrium denaturation studies cannot be confirmed from this study. However, with

the apparent similarity in the folding behavior of pGH and bGH it seems likely that for

wild-t1,pe pGH, the equilibrium folding intermediate, I, with characteristics of a molten

globule (Bastiras and 
'Wallac e, 1992) is also populated transiently, during kinetic folding

studies.

pGH(MS) The folding kinetics for pGH(M8) were significantly different to the kinetics

obtained for wild-type pGH. Both the refolding and unfolding kinetics were monophasic,

suggesting that pGH(M8) folds according to a two-state model with no detectable

intermediates. For proteins that fold according to a two-state model, the rate of refolding
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and unfolding displays a linear dependence on the Gdn-HCl concentration' When plotted

together, these rates show a V-shaped dependence (Chevron Plot) on the denaturant

concentration with a minimum in the transition region (Matthews et al', 1987).

Surprisingly, the rate of refolding and unfolding at different final Gdn-HCl concentrations

did not vary (data not shown), which was contrary to what would be expected for a two-

state folding system. Therefore, does an intermediate exist on the kinetic folding pathway

of pGH(M8)?

The equilibrium denaturation of pGH(M8) as detected by lfV-absorbance, intrinsic

fluorescence and hydrodynamic properties resulted in very similar transitions, with

midpoints of 2.99, 2.97 and 2.96 M Gdn-HCl for IJV, fluorescence and hydrodynamic

radius, respectively (Bastiras , lgg2). The coincidence of the transitions suggested that the

denaturation of pGH(M8) approached a two-state folding mechanism. Moreover, arr

elevated 
^G(H2O) 

for pGH(M8) of 10.19 kcal/mol compared with 7.06 kcal/mol for

wild-type pGH predicted that the folding mechanism would more closely approach a

two-state mechanism. However, an associated intermediate was populated at elevated

protein concentrations, suggesting that a monomeric intermediate does exist albeit

transiently (Dr. S. Bastiras, personal communication).

The kinetic traces observed for pGH(M8) were "opposite" to those seen for wild-type

pGH For pGH(M8), refolding and unfolding was characterised by an increase and decrease

in fluorescence, respectively, whereas for pGH, refolding and unfolding was characterised

by a decrease and increase in fluorescence respectively. The ability to identify the presence

of intermediate structure depends on both the location and sensitivity of the reporting

group. For pGH(M8), the intrinsic fluorescence intensity is the sum of the contributing
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emission from both Trp86 andTrpl24. In wild-type pGH Trp86 fluorescence is quenched

and it is likely that Trp86 fluorescence in pGH(M8) would also be quenched (see Chapter

5). It is therefore proposed that the change in fluorescence properties together with the

monophasic kinetics obtained for pGH(M8) reflects changes in the immediate environment

of TrpI24 rather than the global folding/unfolding of the molecule as interpreted for

wild-type pGH. However, it is possible that the folding monitored by fluorescence for

Trp86 in pGH(M8) may be different to that for wild-type pGH. Irrespective of this, it is

clear that another probe(s) is required to study the folding kinetics of pGH(M8) e.g' UV

absorbance spectroscopy or near-Uv CD. In addition, the kinetics of secondary structure

formation/unfolding may be able to confirm the existence of a folding intermediate.

pGH(M17) The conformational stability of pGH(M17) and wild-type pGH have been

previously determined, with a value for AG(H2O) of 7.57 kcallmol and 7.06 kcallmol for

pGH(Ml7) and wild-type pGH respectively (Bastiras, 1992). This suggested that the

stability of pGH(M17) is marginally greater than wild-type pGH. The two mutations

K30E; R34E have not signifîcantly affected the kinetics of folding of pGH(M17). The fast

and slow refolding phases and the observable unfolding phase were similar for pGH(M17)

and wild-type pGH. However, the slow folding phase rate for pGH(M17) was decreased.

In the proposed mechanism for pGH folding kinetics, the slow phase of refolding

corresponds to the I<+N transition. This suggests that the free energy of the intermediate

species for pGH(M17) relative to the transition state has changed (Garvey and Matthews,

1990). Interestingly, the rates for refolding and unfolding which correspond to the U++I

transition are in reasonable agreement. Whilst the observable rate of unfolding for

pGH(M17) and wild-type pGH were similar, the fraction of observed amplitude was

decreased for pGH(MI7) (35% of total expected amplitude for pGH(M17) compared to
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50% for wild-type pGH). The "burst phase" amplitude is thus larger for pGH(M17)

suggesting that the "burst phase" intermediate is stabilised (McGee and Nall, 1998).

pGH(M3l) The apparent conformational stability of pGH(M31) and wild{ype pGH is

similar with a AG(H2O) of 6.94 kcal/mol and 7.06 kcal/mol for pGH(M31) and wild-type

pGH, respectively. However, the mutations were shown to stabilise the self associated

intermediate of pGH(M31). At a protein concentration of 2.3 ¡t}ú, 76Yo of pGH(M31) was

associated, whereas for wild{ype pGH association is not apparent until > 10 prM. The three

mutations T98A; F103Y; T1054 did not affect the kinetics of refolding. ln contrast,

however, the rate of the observable unfolding phase was significantly reduced when

compared to wild-type pGH. For rates of unfolding to be selectively changed, the free

energy of the native structure relative to the free energy of the transition state and the

intermediate must be altered (Garvey and Matthews, 1990), eminating primarily from

alterations in the native structure (Alber et al., 1937). The amino acid changes in

pGH(M31) lie within the short omega-loop sequence between helix 2 and helix 3 of pGH.

These changes mimic the sequence seen within this region of hGH, which forms a short

helix (de Vos ¿/ al., 1992). To what extent these mutations would affect the native

conformation is unknown. It is possible that an increase in rigidity of the connection

between the two helices may affect mobility/stability of the structure.

rGH The refolding kinetics for rGH were very similar to wild-type pGH. The resolution of

two kinetic phases for the refolding of rGH provides evidence for the presence of an

intermediate along the kinetic folding pathway. In contrast, the unfolding kinetics of rGH

was distinctly different to wild-type pGH, with the resolution of a single kinetic phase that

accounted for the total expected amplitude change. Like wild-type pGH, the native state
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Trp86 fluorescence of rGH is quenched. If we consider the unfolding of wild{1pe pGH, I

have speculated that the burst phase may correspond to the removal of the moiety

responsible for quenching. For rGH, although speculative, it would appear that the removal

of the quenching moiety and subsequent exposure of Trp86 to bulk solvent upon unfolding

is a concomitant process. Such a difference may arise from differences between the native

conformation for the two proteins, which would agree with the selective change of the

unfolding kinetics of rGH when compared to wildtype pGH. The change in amino acid

sequence between rGH and wild-type pGH occur within the loop regions of the protein

molecule and are reasonably conservative. However, these changes may be sufficient to

induce subtle changes in the packing of the helices which are reflected in the kinetic data.

As seen with pGH(M8) fluorescence may not be the ideal probe to study the folding

kinetics of rGH.

In summary, wild-type pGH possesses a transient intermediate along the folding pathway'

This intermediate is proposed to have similar properties to the stable intermediate detected

at equilibrium, possessing characteristics of the molten globule. The kinetics of pGH(M8)

folding are complex due to the presence of a second tryptophan and it is clear that other

probes are required to study the mechanism. For pGH(M17), the two mutations K30E;

R34E have apparently increased the free energy of the intermediate relative to the

transition state. The mutations in pGH(M31) reflect changes in the free energy of the

native state. The kinetics of rGH folding suggests that the refolding and unfolding

mechanisms may be different. V/hilst this study has provided some insight into the folding

mechanism of the mutants, clearly, further examination using different spectroscopic

probes such as near-IJV absorbance and far-UV CD will be required to characterise the

kinetic folding intermediates and mechanism of folding'
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Chapter 7. Concluding discussion

Objectives of thís study

It is important to determine the structural characteristics of folding intermediates to gain

insight into the folding mechanism of any one particular protein or family of proteins.

previously, it has been shown that the Gdn-HCl-induced equilibrium denaturation of pGH

deviates from a two-state mechanism, with the detection of conformations, intermediate to

the fully unfolded or native state (Bastiras and Wallace, 1992). These intermediate forms

have the characteristics of a molten globule. This study has examined the acid-induced

denaturation and folding kinetics of recombinant pGH, to characterise the intermediates in

the folding pathway.

Acid.-índuced denaturation of pGH

Acidification of pGH alone and in the presence of 4 M urea resulted in the formation of

intermediate species that possessed characteristics of the molten globule. Both species

retained a significant amount of secondary structure and possessed negligible tertiary

structure. Differences in the maximum wavelength of emission of Trp86 (which is located

in helix 2 andlocated within the hydrophobic core of the native state molecule), as well as

ANS fluorescence and models of self-association show that the conformation of these

intermediates is different. However, it is important to note that the monomer of each

intermediate was not directly observed, due to stabilisation through self-association, thus

the structural characteristics described here for the monomer are inferred from the

experimental evidence. The intermediate at low pH is characterised by a native-like ßfüaty

fold (spatial arrangement of the secondary structure elements), with a reasonably tightly

packed core of the four o,-helices. This proposed conformation is supported by the

secondary structure content and the similarity in the maximum wavelength of fluorescence

emission for Trp86 in this state and the native state. The intermediate at low pH and 4 M
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urea has a reduced amount of helical structure. The core is more loosely packed as

evidenced by the reduced hydrophobic environment surrounding Trp86. Interestingly, this

less structured intermediate has a reduced hydrophobic surface afea and reduced

propensity to associate, which is contrary to that seen in other studies (Fink et al., 1998;

Uversky et a1.,199S). This is likely due to the presence of the self-associated species rather

than the monomer. Whether these intermediates represent discrete species along the

folding pathway of pGH cannot be determined from this data. This could be confirmed by

determining of the stability (ÀG) and the cooperativity (m) of each intermediate, a free

energy difference between the intermediates would confirm that they are discrete species.

Interestingly, the structural characteristics of the intermediate species at low pH and 4 M

urea are very similar to the self-associated intermediate detected at equilibrium in moderate

Gdn-HCl concentrations (Bastiras and Wallace, 1992). Specifically, they possess a unique

CD spectral signal at 300 nm and it is hypothesised that they are indeed the same

intermediate.

Acíd-índuced denuturøtion of pGH analogues

The acid-induced denaturation of pGH analogues resulted in the formation of intermediate

species with characteristics of a molten globule. In comparison to wild-type pGH, the

intermediate species of each analogue was shown to have regions of unique structure in

terms of fluorescence and ANS binding. However, it is likely that each protein retains a

core of native-like o,-helical structure. The analogue pGH(M8) may provide a means to

study the monomeric intermediate. There was evidence from SEC to suggest that the

monomer may be present as a discrete species at low pH, which could be conltrmed using

sedimentation equilibrium studies. The monomer could be purified and subjected to the

advanced NMR techniques, which are providing an insight at atomic resolution as to the
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structure of these intermediates. Similarly rGH may be useful' At pH 4, from intrinsic

fluorescence, a species, which may be the monomer, was apparently stabilised' If

confirmed as a monomer by sedimentation equilibrium this species could also be purified

and studied at an atomic level'

Folding kinetics of pGH ønd pGH ønalogue

Resolution of two kinetic phases in the unfolding and folding of pGH confirms the

presence of an intermediate species along the folding pathway of pGH. Previous kinetic

folding studies of bGH and hGH, have shown that a significant amount of secondary

structure forms within the dead time of the stopped-flow instrument. V/ith a similar

structure for all growth hormones, this would be the same for pGH. Thus the kinetic

intermediate species detected for pGH is a molten globule. Is the kinetic molten globule

structurally the same as the equilibrium molten globule? The equilibrium molten globule of

pGH selÊassociates, and this self-associated species is characterised by a unique near-UV

CD signal at 300nm. The kinetic intermediate was also shown to associate and if shown to

possess the same near-UV CD at 300 nm by following the kinetic reaction at 300 nm the

similarity between the intermediates could be confirmed. The folding kinetics of the pGH

analogues was not grossly changed. Fluorescence detection was shown to be inappropriate

for following the folding of pGH(M8), which has an extra trlptophan residue. Thus it

would be necessary to use a different optical probe to study the folding kinetics of this

protein. For pGH(M17) pGH(M31) and rGH, changes in the unfolding kinetics only, were

observed. This suggests that the free energy of the intermediate species relative to the

transition-state changes, which emanate primarily from structural alterations in the native

structure. These proteins were shown to have similar AG values, suggesting that the amino

acid changes do not significantly affect the stability of the native state, but as shown here
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do affect the kinetics of folding. This highlights the need to examine protein folding both at

equilibrium and kineticallY

Concluding remarks

The mechanism of pGH folding has been previously described as being consistent with the

framework model of folding (Bastiras and Wallac e, 1992), which implies the presence of

specific structures along the folding pathway. The new view of folding introduces the

funnel concept, where there are ensembles rather than specific structures. The folding of

pGH can also be described in terms of a hierarchical model of folding process where two

funnels would be present (Arai and Kuwajima, 2000). In funnel 1, the molten globule state

forms from the unfolded state and in funnel 2 the native state forms from the molten

globule state. The molten globule state of pGH is structurally diverse which is dependent

on the solvent conditions. What kind of molten globule state, a structured molten globule

state or a less structured one, accumulates during folding will depend where the largest free

energy barrier is located along funnel 2 (Arai and Kuwajima, 2000)' Recently' the question

has been asked, "Is there a unifying mechanism for protein folding" (Daggett and Fersht,

2003). The authors suggest that the framework model of folding can be vìewed as an

extreme of nucleation-condensation, whereby for a typical domain in which the intrinsic

conformational preferences for secondary structure afe weak, the formation of the

transition state requires a considerable network of tertiary interactions to stabilize it' ln

domains that have strong conformational preference e.g' engrailed homeodomain, folding

appears hierarchical, and some proteins might fall into a trap of a molten globule if

hydrophobic interactions are formed too rapidly and strongly. In the more general

interpretation, the model describes that heightened stability of secondary structure can shift

the mechanism to account not only for the formation of folding intermediates but also for

hierarchical models of folding in general. In addition, through
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effort a novel mode of secondary structure formation via a tertíaty, contact-assisted

mechanism was discovered. This mechanism allows for generalization of the

nucleation-condensation model and provides a detailed view of the coupling between

secondary and tertiarY structure'
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