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SYgQPSIS.

Phosphoglycerate mutases from a variety of sources have been examined 

with the aim of defining their dénaturation and renaturation 

(refolding) chracteristics. Both cofactor <2,3-bisphosphoglycerate) 

dependent and independent enzymes have been examined and examples with 

differing quaternary configurations are included. The isolation 

procedures for these enzymes are reported.

The cofactcr dependent enzyme from Schizasaccbaromyces pombe shows a 

novel monomeric configuration within this group. This configuration 

Ime been confirmed here and the amino acid analysis and partial amino 

acid sequence determined by Prof. J.Fothergill are reported. A 

moderate degree of homology to the sequence of the cofactor dependent 

tctrameric enzyme from bakers yeast has been demonstrated. .Sircilarlv. 

the degree of homology between the cofactcr dependent dimeric enzyme 

îîom raobit muscia and the bakers yeast enzyme has been examined. 

These studies indicate moderate relatedness.

ihe cofactor independent phosphoglycerate rautases exhibit a number of 

diffeiences from the cofactor dependent enzymes. The divisions between 

theee two groups have been further emphasised in an apparent metal ion 

requirement and a native Mr of approximately 60,000 observed for the 

oofactor independent enzymes examined here.
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The denatux'atlon of the cofactor dependent enzymes from bakers yeast, 

rabbit lauivcle and S. poabo by GdnHCl has been examined through loss of 

catalytic activity and changes in fluorescence and circular dichroism. 

Only a weak correlation between the dénaturation and structural 

configurations of these enzymes was observed. However, the S. powbe 

enzyme appeared more resistant to structural perturbation in the 

presence of its cofactor. This difference was also manifest in the 

enzyme's thermostability and proteinase resistance. The sedimentation 

velocity of this form of the enzyme was increased implying that the 

observed changes could have resulted from a more compact structure in 

the presence of the cofactor.

The renaturation of a range of phosphoglycerate rautases has been 

ex.arained by measuring the regain of activity; structural aspects of 

this process have been explored using limited proteolysis 

in.jicator of bond accessibility.
iz' 5 Ti

The bakers yeast enzyme refolds with high eff iciency at 

•-oru.entrations between 10 and 50 pg ml“'. Monomeric and dimeric 

intermediates of refolding exhibiting partial enzymic activity which 

is sensitive to proteinases have been demonstrated. These p^arttallv 

active species may be similar to a general intermediate formed during 

the refolding of proteins which has a more "open" structure. 

Renaturation of the rabbit muscle enzyme is susceptible to the 

formation of wrong intermolecular aggregates at concentrations above 5
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pg m l ’. However, refolding intermediates of the rabbit muscle enzyme 

also have activity which is sensitive to proteinases. The refolding of 

the S.pomhe enzyme is rapid and concentration independent and 

resembles the refolding of the subunits of the oligomeric bakers yeast 

and rabbit muscle enzymes.

The cofactor independent phosphoglycerate mutases from A.nldulans and 

wheat germ did not exhibit reactivation following dénaturation in 

GdnHCl. This finding may relate to the possible metal ion requirement 

of these enzymes or reflect an inability of in vitro refolding to 

mirai', accurately in vivo fol.ding in which co-translati.onal princesses 

may act t.o co-ordinate chain folding and domain pairing.

li ng^ of the rena turat i on studies are con

elding of other pi u161 ns which have bee:

model of protein folding in vi ro.

are considered in reîa-^ion to 

I'ieen e x 3.ci ned end t o  th
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Cofactor dependent phosphoglycerate nutases have been Isolated from a 

wide range of vertebrate sources, some invertebrates (Insects, 

Crustacea, annelids and molluscs), yeasts and In some algae, fungi and 

bacteria. Cofactor independent phosphoglycerate mutases have been 

isolated from plant sources, some invertebrates (sponges, 
coelenterates, arachnids and myriapods) and in some algae, fungi and 
bacteria (Grisolia and Joyce, 1959, Vatabe and Freese, 1979, Singh and 

Setlow, 1979, Carreras et aJ. , 1982, Price et aJ. , 1983, Price and

Stevens, 1983). The evolutionary significance of this phylogenetic 

distribution is difficult to Interpret and does not Indicate whether 

cofactor dependence has evolved from cofactor Independent sources or 

if the independent enzymes have arisen through retrograde processes 
(i.e. the loss of cofactor).

L.-1.2. Mechanlfim of catalytic reaction.

The mechanism of phosphoglycerate isomerization by the mutase enzymes 

was first investigated in some detail by Rose (1970, 1971). Rose 

demonstrated that the cofactor dependent enzymes from rabbit muscle 

and bakers yeast were phosphorylated on a histidine residue by 2,3- 

blsphosphoglycerate and that this phosphate could be transfered to the 

normal substrates or to water in the presence of 2-phosphoglycolate. 

Subsequent work by Britton et al. (1972b) and Britton and Clarke 

(1972) using an Induced transport test system to monitor the fluxes of 

radio labelled substrates at equilibrium with the enzyme following the 

addition of non-labelled substrates, suggested a ping-pong phospho-



enzyæ nechanlsn for the rabbit nuscle enzyme in which each substrate 

was present at the active site In turn. Britton and co-workers 

therefore proposed a reaction mechanism involving the Intermolecular 

shuttling of phosphate between the glycerate substrates in which each 

was present at the active site in turn (ping-pong mechanism). The 

intermolecular transfer was confirmed by Gatehouse and Knowles (1977) 

using glycerate skeletons differentially labelled with and ’®0. 

Using the rabbit muscle enzyme the labels became scrambled as the 

phosphate (’®0) was transfered to the labelled substrate. Rose et 

al. (1975) isolated and sequenced an active site peptide from chicken 

muscle phosphoglycerate mutase which also reacted via a phospho- 

hlstldine intermediate and Rose and Dube (1976) demonstrated that the 

rates of phosphorylation and dephosphorylation of this enzyme were 
consistent with the rates of the enzyme catalysed reaction.

The mechanism of the cofactor independent phosphoglycerate mutase from 

wheat germ has been studied by Gatehouse and Knowles (1977). These 

authors showed that no transfer of phosphate occurred between 

glycerate skeletons differentially labelled using and ’®0 and 

therefore concluded that the phosphoryl transfer was intramolecular. 

This finding was consistent with the earlier work of Britton et al. 

(1971) using induced transport tests which had iiq>licated an 

intramolecular phosphoryl transfer in the wheat germ enzyme. The 

possible involvement of a 2,3-cycllc phosphate ion was excluded by 

subsequent studies using '®0 labelled substrates and IÍ2 '® 0 enriched 

solutions (Breathnach and Knowles, 1977). The wheat germ enzyme



htherefore seened to catalyse an Intranolecular phosjjbryl transfer via 

a phosphoenzyiae Interaedlate. Attaints to isolate such an Intermediate 

were unsuccessful and it was therefore proposed that the phosphoenzyne 

was probably of high free energy, and thus only transiently populated, 

and/or bound the substrate extremely tightly (Breathnach and Knowles, 
1977). Subsequent work by Blättler and Knowles (1980) defined the 

stereochemical course of the phosphoryl transfer in the rabbit muscle 

and wheat germ enzymes using chirally labelled 2-C^Q, ’’’0, ’®0) 

phosphoglycerate. Inversion of the pyramidal configuration of the 

phosphoryl group is characteristic of single enzyme catalysed 

transfers (Blättler and Knowles, 1979) and therefore the configuration 

of the chirally labelled substrates following transfer was used to 

indicate the mechanism of reaction. In both rabbit muscle and wheat 

germ phosphoglycerate mitases there was retention of configuration of 

this group which was consistent with a double displacement process in 

both cases (Blättler and Knowles, 1980). On the basis of these and 

earlier observations Blättler and Knowles proposed a reaction 

mechanism for the rabbit muscle and wheat germ enzymes. These schemes 

are presented in Figs. 2 and 3 respectively and are currently the 

generally accepted reaction pathways for the cofactor dependent and 

Independent enzymes which are consistent with the reports reviewed 

above. The mechanistic differences between the two enzyme groups are 

emphasized by their enzyme commission numbers with the cofactor 

dependent phosphoglycerate mutases being considered as tranferases 

(E.C. 2.7.5.3.) while the cofactor independent mutases considered as 
true Isomerases (E.C. 5.4.2.1.).







In the case of the cofactor dependent phosphoglycerate nutases 

histidine has been shown to mediate the Intermolecular phosphoryl 

transfer during the catalytic reaction (Rose, 1970, 1971, Rose et aJ. , 

1975, Rose and Dube, 1976.). This finding is consistent with the 

reported pH optima of approximately 7 for this group of enzymes 

(Grlsolia and Carreras, 1975). The pH optima of the cofactor 

Independent enzymes examined appears to be nearer 9 (Ito and Grlsolla, 

1959, Fernandez and Grlsolla, 1960, Carreras et aJ. , 1982) and,

although its presence has been implicated, no phosphoenzyme 

intermediate has been characterised. The differing pH optima is 

perhaps evidence that the residue mediating the phosphoryl transfer 
may not be histidine in the cofactor Independent enzymes.

1.1.3. Kinetics of catalytic reaction.

A range of values for the kinetic constants Km and K1 for 3- 

phosphoglycerate, 2-phosphoglycerate and 2,3-blsphosphoglycerate and 

for the equilibrium constant, Keq, of the isomerization reaction have 

been documented for both cofactor dependent and Independent 

phosphoglycerate mutases (Ray and Peck, 1972, Grlsolia and Carreras, 

1975.). Unfortunately, the dependence of the absorption of 

phosphoenolpyruvate at 240 nm on the various assay conditions ei^loyed 

in such studies makes meaningful comparisons between these values 

difficult. Furthermore, this thesis contains insufficient kinetic data 
to warrant a more detailed consideration of this area.



1.2. Coiactor dependent phosphog-lyr prat a ,

1.2. 1. fiacgitflrojyces gereyisiae phQsphQglycerate autase.

The enzyme from S.cerevisiae (bakers yeast) has been studied In 

greater detail than any of the other phosphoglycerate mutases. The 

bakers yeast enzyme is a tetramer of Mr 110,000 comprised of four 

identical subunits of Mr 28,000 (Rodwell et al., 1957, Price and 

Jaenlcke, 1982, Hermann et al,, 1983). The detailed three-dimensional 

structure of the enzyme (Campbell et al., 1974) and the complete amino 

acid sequence (Fotherglll and Harkins, 1982) have been determined. The 

X-ray diffraction structure of the enzyme reveals a symmetrical 

aîrangement of identical subunits. Each subunit is comprised of a core 

of six strands of 8-sheet, the first four of these traced from the M- 

terminus being parallel and the last two forming an antiparallel pair. 

This core is flanked by five a-hellcal regions with a sixth helix not 

involved in this arrangement (Campbell et al., 1974). This 8-core/a- 

barrel configuration is highly characteristic of a number of 

nucleotide binding enzymes such as dehydrogenases (Rossman et al., 

1975) and kinases (Bryant et al., 1974, Schulz et al., 1974). As noted 

by Campbell et al. (1974) there is considerable structured homology 

between the phosphoglycerate mutase and lactate dehydrogenase subunit 

structures as indicated in Fig. 4. Since phosphoglycerate mutases have 

no known nucleotide requirement the presence of this structural 

arrangement may reflect the Inherent stability of this configuration



A5.

A2.
.A6 lAI

H

A 4\

^ 3

X T

Figure 4. Structural homology between the subunit structures of
phosphoglycerate mutase and lactate dehydrogenase (from 
Campbell et al,, 1974).

Fig. 4a shows the complete phosphoglycerate mutase subunit in vdiich 
6-sheet is indicated by thick hatched lines and a-helix by thick 
black lines. Fig. 4b shows the first 185 residues of the mutase 
subunit in a simplified manner with the helices Icdselled from the 
N-terminus according to the scheme of Campbell et al. (1974). Fig. 
and d illustrate the first 165 residues of the lactate dehydrogenase 
subunit in a similar manner to Fig. 4a and b for comparison.
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as an enzyme core structure or may be evidence of a common 

evolutionary origin for the glycolytic and related enzymes.

The active site of bakers yeast phosphoglycerate mutase has been 

located and lies at the base of a deep hollow formed by the residues 

of one subunit (Vlnn et al. , 1981). The four active sites are well

separated In the native enzyme and are freely accessible to solvent. 

The predicted presence of a histidine residue at the active site 

(section 1.1.2.) was somewhat complicated by the discovery of two 

histidines (8 and 179 of the sequence) In a parallel arrangement 

approximately 0.4 nm apart. In the presence of the substrate histidine 

8 is close to the 3-carbon locus and histidine 179 close to the 2- 

carbon locus. Glutamate residues 15 and 86 are positioned such that 

their carboxyl groups could act as proton withdrawing groups from the 

3- and 2-hydroxyls of the substrate respectively. Similarly, arginine 

7 is positioned above and between the histidine 8 and 179 residues and 

may interact with the carboxyl group of the 1-carbon locus (Vlnn et 

al., 1981).

The involvement of histidine 179 In the mechanism of phosphoryl 

transfer is still a matter of debate. It is always histidine 8 that Is 

isolated with bound phosphate from the active site of the enzyme (Han 

and Rose, 1979). In addition, the retention of configuration of the 

phosphoryl group in the rabbit muscle enzyme (Blättler and Knowles, 

1980) is consistent with a mechanism In the bakers yeast enzyme 

proceeding with an even number of transfers, l.e; S-P -» His 8-P -i S-P



rather than S-P -» Hie 8-P -» His 179-P -» S-P, where S-P Is the 

phosphorylated substrate. Exaslnatlon of the active site shows 

additionally that the histidine 8 -» 179 transfer Is sterlcally

unfavourable (Vlnn et al., 1981). The Involveiient of histidine 179

would therefore require an additional Intermediary residue.

Phosphoglycerate mutase from bakers yeast has been reported to exist

in a number of electrophoretlcally distinct forms; components I -» V

(Chiba and Suglmoto, 1959, Chiba et aJ. , 1960). The specific activity

of successive components Is approximately one quarter lower than that 
oof compjjient I suggesting combinations of 0 to 4 Inactive subunits. 

Sasaki et al. (1966) Isolated the enzyme responsible for this 

inactivation and showed that It cleaved approximately 10 amino acids 

from the C-termlnus of the enzyme subunit. These residues are thought 

to form a flexible tall which could adopt a structure modulating 

access to the active site (Vlnn et al., 1981.). This tall could

therefore act to exclude water from the active site such that 

phosphoryl transfer occurred to the substrate rather than to water. 

The presence of the tall could In part explain the differences In 

polypeptide length reported from the X-ray diffraction structure (216 

residues) and the amino acid sequence (241 residues) since as a 

flexible structure It would not appear In the electron density map. 

The sequence of the C-termlnal tall contains two lysine residues which 

could act as the theoretical Intermediary residues In a histidine 8 -» 

179 transfer. However such a transfer would have to occur extremely

8



rapidly OlO* s ’) to be consistent with the rate of the enzyme 

catalysed reaction (Britton et al. , 1972a).

As would be predicted from the above structural and mechanistic 

schemes, bakers yeast phosphoglycerate mutase can be Inactivated by 

histidine and arginine modifying reagents with the substrates, notably 

3-phosphoglycerate, providing some protection (Fotherglll, 1977, Price 
et al. , 1985b).

1.2.2. Babbit muscle phosphoglycerate mutase.

The rabbit muscle enzyme Is a dimer of Hr 56,000 comprised of two 

subunits of Hr 28,000 (Plzer, 1960, Hermann et al., 1983). Whilst no 

structural or comprehensive sequence Information are available for 

this enzyme, two of Its histidine containing peptides have been 

sequenced (Haggarty and Fotherglll, 1980) and show almost complete 

Identity to the sequences around histidines 8 and 179 of the bakers 

yeast enzyme (Fig. 5). Ho homology was observed to the sequences 

around the other two histidine residues of the bakers yeast enzyme (88 

and 189). The participation of a histidine residue In the phosphoryl 

transfer catalysed by the rabbit muscle enzyme has been demonstrated 

by Rose (1970, 1971) and the studies of Britton and Clarke (1972)

suggested a ping-pong reaction mechanism similar to that of the bakers 
yeast enzyme.





Rabbit nuscle pbosphoglycerate nutase can be Inactivated by histidine, 

arginine and cysteine nodifying reagents with substrates providing 

sone protection (Plzer, 1960, Borders and Wilson, 1976, Hartnan and 

lorton, 1976, Berrocal and Carreras, 1983, Price et ai., 1985b). The 

susceptibility to cysteine nodlficatlon distinguishes the rabbit 
muscle enzyme from bakers yeast phosphoglycerate mutase which contains 

no cysteine residues (Fotherglll and Harkins, 1982). Hartman and 

lorton (1976) showed by titration the presence of approximately 1 mole 

of cysteine per enzyme subunit under native conditions. A tryptic 

fragment containing this cysteine residue did not contain histidine. 

This finding suggested that the cysteine containing sequence of the 

rabbit muscle enzyme is distinct from the "active site" histidine 

containing peptides reported by Haggarty and Fothergill (1980). 

Without further sequence or structural information it is not possible 

to distinguish whether the cysteine residue is functional in catalysis 

or if binding of the modifying reagents block access to the active 

site. However, both possibilities imply its presence at or near the 
active site.

It is well documented that the phosphoglycerate mutases from mammalian 

sources such as rabbit muscle occur in three isoenzyme forms that 

result from the possible combination of two subunit types (M and B). 

These Isoenzymes differ in their thermal stability, electrophoretic 

nobility and sensitivity to cysteine modifying reagents (Prehu et al.,

1984). The BB type Isoenzyme is located in the brain, liver, kidney 

and erythrocytes whereas the MM type Isoenzyme is found in muscle.

10



Both BB and MX types and the MB hybrid are found in heart tissue 

although there is some evidence that the hybrid isoenzyme also occurs 

in skeletal muscle (Prehu et al., 1986).

— Sçhlzosdccharoayces pombe phosphoglycerate mutagp.

In contrast to S.cerevisiae which divides by budding mechanisms, 

S. pombe divides by medial fission. Further differences in the 

molecular biology of these two yeasts have been widely reported. For 

example, there are differences in the respective DMA transcription and 

initiation regions, the ras gene products and aspects of the mitotic 

cycle such as the presence of a G2 period and processes of chromosome 

condensation (Russel and Murse, 1986). The S. pombe transcription 

machinery seems more capable of correctly excising non-coding introns 

from transcripts of eukaryotic genes and this yeast has therefore been 

advocated as a suitable vector for their expression (Käufer et al. ,

1985). Overall these differences are perhaps not surprising given that 

nucleotide homology indicates that S. pombe and S.cerevisiae may have 

diverged in evolutionary terms by some 1,200 million years (Huysmans 

et al. , 1983).

Phosphoglycerate mutase from S. pombe has a novel structural 

configuration amongst the cofactor dependent enzymes in that it is a 

monomer of Mr 23,000 (Price et al., 1985b). The S. pombe enzyme can be 

inactivated by histidine modifying reagents with substrates, notably 

3-phosphoglycerate, providing some protection. The activity of the
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S.pombe enzyme is not affected by cysteine modifying reagents such as 

potassium tetrathlonate. Furthermore, the potential rôle of arginine 

in the catalytic mechanism is not clear as the activity of the S.pombe 

enzyme is not stable under the conditions required for the 

modification of this residue (Price et al., 1985b).

— Other COfactor dependent phosphoglycerate miitagoc;

Cofactor dependent phosphoglycerate mutases have been isolated from a 

wide range of mammalian sources including chicken muscle (Rose et al., 

1975), sheep muscle (James et al., 1971), rabbit liver (Kulbe and 

Ahrendt, 1973), rabbit muscle (Plzer, 1960), pig kidney (Diederich et 

al., 1970), pig brain (Tauler and Carreras, 1987) and human 

erythrocytes (Sheibley and Hass, 1976). The Mr values of these enzymes 

were reported to be between 55,000 and 65,000 and vj^re examined, the 

native configuration was dimeric. Cofactor dependent activity has also 

been isolated from Escherichia coll (D'Alessio and Josse, 1971) and 

from Hyphomicrobium X and Pseudomonas AMI (Hill and Attwood, 1976). 

The reported Mr values of these enzymes under native conditions were 

56,000, 32,000, and 32,000 respectively. Cofactor dependent activity 

has also been detected in the yeast Candida util is and a native Mr of 

110,000 reported (Price et al. , 1983). The quaternary structure of 

these enzymes have not been determined.

12



1 .2 .5 .  Cofactor dependence! rimminn ^ fflt l irp fi.

The cofactor dependent phosphoglycerate najtases isolated from a range 

of sources seem to fit into a common structural pattern, namely a 

monomeric, dimeric or tetrameric configuration with a subunit Mr in 

the range 20,000 to 30,000. Vhilst the quaternary structures of some 

of the enzymes listed above have not been determined there is still no 

example that cannot be fitted into such a scheme on the basis of their 

native Mr values. This proposed structural relatedness could be 

invoked as evidence for a common ancestral source of all the cofactor 
dependent phosphoglycerate mutases.

A number of the cofactor dependent enzymes can be inactivated by 

histidine and arginine modifying reagents. In the case of the bakers 

yeast, rabbit muscle and chicken muscle phosphoglycerate mutases a 

histidine residue has been shown to mediate the phosphoryl transfer 

catalysed by these enzymes (Rose, 1970, 1971, Rose et ai., 1975). The 

mammalian enzymes can also be inactivated by cysteine modifying 

reagents whilst in the yeast enzymes these are absent or not 

catalytically competent. The pH optima of approximately 7 reported for 

a range of cofactor dependent phosphoglycerate mutases are consistent 

with the participation of histidine in their catalytic mechanism and 

the involvement of other residues in the enzymes interaction with 
their anionic substrates.
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A range of cofactor dependent phosphoglycerate mutases have been 

reported to be Inhibited by vanadate (Carreras et ai., 1980). This 

Inhibition was pH dependent and could be reversed by dilution or 

chelation of the vanadate. Vanadate is thought to inhibit enzymes 

involving a phosphoenzyme intermediate through the structural 
similarity of the pentavalent vanadium ion to the transition state of 

the phosphoryl group (Macara, 1980). Such inhibition is therefore 

evidence of structural and/or mechanistic similarities between the 
cofactor dependent enzymes.

Cofactor dependent phosphoglycerate mutases have been reported to bind 

to the triazlne dye Cibacron Blue F3GA and to be eluted from the 

immobilised dye by a pulse of their cofactor, 2,3-blsphosphoglycerate 

(Price and Stevens, 1983.). Cibacron Blue F3GA was originally thought 

to be a definitive probe for the "dinuclectlde binding fold" in 

kinases and dehydrogenases (Thon^on et aJ., 1975). However, 

subsequent work cast doubt on its specificity for this structural 

element and it is now more widely accepted that a configuration of p- 

sheets flanked by a a-helices leads to a "funnelling" of the dye into 

the hydrophoblcally situated binding sites where further local 

electrostatic Interactions occur (Belssner et al. ̂ 1979). Phospho­

glycerate mutase has no known dinucleotide requirement but the bakers 

yeast enzyme seems to possess a structural configuration resembling 

the dlnucleotlde fold i.e; 6 p-sheets flanked by a-helices. The 

structural homology between the bakers yeast enzyme and lactate 

dehydrogenase has already been considered (section 1.2.1., Fig. 4) and

14



it Is probably this feature that accounts for Its binding to Cibacron 

Blue F3GA. The binding of a range of cofactor dependent 

phosphoglycerate nutases is therefore evidence that the structural 

configuration nay be connon to these enzymes as a group.

1.3. Cofactor independent phosphoglycerate nutases.

1.3.1. Vheat gera phosphoglycerate nutate.

Phosphoglycerate ñútase fron wheat germ is probably the most 

extensively studied of the cofactor independent enzymes. A number of 

purification protocols have been developed for this enzyme (Ito and 

Grisolla, 1959, Britton et al,, 1971, Leadley et al., 1977, Smith and 

Hass, 1985). These authors have reported a monomeric configuration for 

this enzyme with a Mr value in the range 50,000 - 60,000. McAleese et 

al, (1985) have also reported a monomeric Mr of 60,000 using their 

modification of the isolation procedure of Britton et al. (1971). 

Leadley et al. (1977) have shown that the wheat germ enzyme contains 

one cysteine residue. This residue was not accessible to modifying 

reagents in the native enzyme and was not catalytically conçetent.

A possible metal ion requirement for activity has been proposed for 

wheat germ phosphoglycerate mutase. Smith and Hass (1985) and Smith et 

mi. (1986) have shown that the enzyme is inhibited by various 

chelators and apparently requires the presence of Cô -̂  or Mn*"̂  to be
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reactivated following dénaturation In GdnHCl. Leadley et al. (1977) 

also noted that their wheat germ enzyme was Inhibited by EDTA.

1.3.2. Bacillus subtilis and Bacillus mefaterium 
Dhosphofflycerate nutagp.

Interest In the phosphoglycerate nutases from species of Bacillus has 

arisen from the observation that Is essential for the sporulation

of these bacteria and In Its absence growth Is arrested and 3- 

phosphoglycerate accumulates In the cells (Oh and Freese, 1976). The 

phosphoglycerate mutase of B. subtilis was shown to have a Mn=̂ -̂ 

requirement for activity thereby accounting for the elevated levels of 

3-phosphoglycerate. The purification of the phosphoglycerate mutase 

from B.subtilis was subsequently developed by Vatabe and Freese 

(1979). These authors reported a monomeric configuration for this 

enzyme with a Mr of 74,000. The enzyme contained five cysteine and 

twenty one arginine residues per mole and could be Inactivated by 

modifying reagents specific for these residues. The enzyme activity 

was Inhibited by EDTA and could be reactivated by the addition of 1 nM 
Kn'̂-". The apparent Km for Mn"̂ -̂  was 4.5 pM.

The purification of phosphoglycerate mutase from Bacillus megaterium 

has also been reported (Singh and Setlow, 1979). This enzyme is a 

monomer of Mr 61,000, contains one cysteine per mole and can be 

Inactivated by modifying reagents specific to this residue. The enzyme
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activity was again inhibited by EDTA and subsequently recovered 

following addition of 1 an Mn̂ -̂ . The apparent Km for lin=̂  was 40 pK.

3i— Other COfactor independent phosphoglycerate imitagAg.

Cofactor Independent phosphoglycerate nutases have been Isolated from 

a wide range of plant and fungal sources (Grlsolla and Joyce, 1959, 

Price et si, , 1983, Carreras et si., 1982). The enzyme from rice germ 

has been purified by Fernandez and Grlsolla (1960) and the native Mr 

determined by sedimentation was reported as 30,000. The native Mr of 

the wheat germ enzyme was also determined using sedimentation 

(Fernandez and Grisolia, 1960, Ito and Grlsolla, 1959). A value of 

30,000 was reported. Since the Mr of this enzyme was subsequently 

determined to be between 50,000 and 60,000 it seems possible that the 

value quoted for the rice germ enzyme may also be inaccurate. Price et 

al. (1983) have ejcamlned phosphoglycerate mutase activity in a range 

of fungi and determined native Mr values of between 40,000 and 60,000 
from these sources.

1^3.4. Cofactor Independence: gnmmnn f<>atures.

From the limited Information available It seems that the cofactor 

Independent phosphoglycerate mutases may possess a common monomeric 

configuration and Mr of approximately 60,000. There Is also a possible 

pattern of sensitivity to chelators and a Mn̂ "̂  or Co^^ requirement for 

activity. The observations of Smith et al. (1986) suggest that the
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netal Ion (s) nny b© closfily assocl&'tsd wl'th 'th© wli©©̂  £̂ ©rin ©nzyn© 

sine© th©y app©ar to play a rol© in structural r©galn following 
dénaturation In GdnHCl.

The pH optloia of the cofactor independent phosphoglycerate nutases 

are 9; some two pH units higher than that of the cofactor dependent 

enzymes (Grlsolia and Carreras, 1975). Furthermore, the cofactor 

independent enzymes are not inhibited by vanadate (Carreras et al., 

1980) and do not bind to Cibacron Blue F3GA (Price and Stevens, 1983). 

These observations, in combination with the mechanistic differences 

discussed in section 1.1.2. indicate that whilst the cofactor 

dependent and Independent phosphoglycerate mutases both catalyse the 

same overall reaction there are extensive mechanistic and structural 

differences between the two groups and as such they can only be 

considered as analogous systems; l.e; different enzymes with 
similarity of function.

Bisphosphoglycerate imitases.

Blsphosphoglycerate mutase (E.C. 2.7.5.4.) catalyses the inter-

conversion of 1,3- and 2,3-blsphosphoglycerates. In mammals the levels 

of 2,3-blsphosphoglycerate in erythrocytes profoundly influences the 
oxygen affinity of deoxyhaemoglobin and thereby modulates the control 

of oxygen delivery to tissues (Bunn and Forget, 1986). It is now 

apparent that bisphosphoglycerate mutase has three enzymic activities, 

namely the Interconversion of 1,3- and 2,3-bisphosphoglycerate, the
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déphosphorylation of 2,3-blsphosphoglycerate and the Interconversion 

of 3- and 2-phosphoglycerates. These three activities are also 

exhibited by cofactor dependent phosphoglycerate ntutase although at 

different relative rates (Rose and Vhalen, 1973; Sasaki et al., 1975; 

Kappel and Hass, 1976). Bisphosphoglycerate mutase activity and levels 

of 2,3-blsphosphoglycerate are high in erythrocytes but low in all 
other tissues examined. Hevertheless, the majority of monophospho- 

glycerate mutase activity in erythrocytes still seems to be expressed 
by phosphoglycerate mutase (Fothergill-Gllmore, 1986).

Bisphosphoglycerate mutases and cofactor dependent phosphoglycerate 

mutases have a number of other common features. For example, the 

enzymes from human erythrocytes are both dimers of Mr 60,000 and 

possess similar amino acid compositions (Sheibley and Hass, 1976). 

Both enzymes have phosphorylated histidine intermediates (Han and 

Rose, 1979) which have kinetic properties consistent with their 

participation in the reactions catalysed (Rose and Dube, 1976). 

Comparison between the amino acid sequences of bakers yeast 

phosphoglycerate mutase (Fotherglll and Harkins, 1982) and human 

erythrocyte bisphosphoglycerate mutase (Joulin et al., 1986) indicates 

some 49% homology. Furthermore, the active site histidine sequence of 

the bakers yeast and the aligned active site peptide of the rabbit 

Muscle phosphoglycerate mutases show considerable homology with the Ï- 

terminal sequences of the human, rabbit and horse bisphosphoglycerate 
Mutase enzymes as indicated in Fig. 6.
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The s tro n g  s t r u c tu r a l  s i m i l a r i t i e s  between th e  b isp h o sp h o g lycera te  

mutase and c o fa c to r  dependent ph ospho g lycerate  mutase enzymes a re  

co n s is ten t w ith  t h e i r  a b i l i t i e s  to  c a ta ly s e  th e  same re a c tio n s . The 

homology between th ese  two groups is  f a r  g r e a te r  than  th a t  between th e  

c o fa c to r dependent and independent p h ospho g lycerate  mutases. Such 

homology is  perhaps ev idence  o f a common e v o lu t io n a ry  o r ig in  fo r  these  

two groups or th a t  the b is p h o s p h o g ly c e ra te  mutases have evo lved  from  

the more u b iq u ito u s ly  d is t r ib u t e d  ph ospho g lycera te  mutases.

—£^Q teln. f o l d in g  and r e f o l d in g ;_t h e o r e t ic a l  aspect?^.

The mechanism by which p o ly p e p tid e s  a c q u ire  t h e i r  un ique fu n c t io n a l  

conform ation is  an area  o f m o lec u la r b io lo g y  which s t i l l  rem ains to  be 

thoroughly d e fin e d . Th is  t r a n s i t io n  from  one d im en s io n a l to  th re e  

dim ensional co n fo rm atio n , e i t h e r  as a p o s t-  o r c o - t r a n s la t io n a l  e v e n t, 

is  commonly r e fe r e d  to  as  p r o te in  fo ld in g . The s tu d y  o f p ro te in  

fu id in g  using i n  v ivo  o r  i n  v i t r o  systems is  not a p r a c t ic a b le  

p ro p o s itio n  due to  the c o m p lic a tio n s  a r is in g  from  th e  presence o f th e

c e l lu la r  s y n th e t ic  m achinery and th e  low  le v e ls  o f fo ld e d  product

obtained.

The p io n e e rin g  s tu d ie s  o f  Vu (1 9 3 1 ), F o rth ro p  (1932 ) and Anson and 

Kirsky (1934a, 1934b) in  th e  1 9 3 0 's dem onstrated  th e  r e v e r s i b i l i t y  o f  

the p ro te in  d é n a tu ra tio n  r e n a tu r a t io n  processes. These au th o rs  

demonstrated t h a t  p ro te in s  co u ld  r e f o ld  to  t h e i r  n a t iv e  co n fo rm ation  

low ing rem oval o f  d e n a tu r in g  fo rc e s . Subsequent work by A nfinsen
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(see for example, Anflnsen, 1966) showed that all the information 

required for protein folding was contained within the amino acid 

sequence of a polypeptide. Anflnsen related these observations to a 

fundamental theory regarding protein folding, namely that the folded 

state is more stable than the unfolded state under physiological 

conditions. These early studies and their implications prompted the 

extensive use of protein refolding as a suitable model of in vivo 

protein folding. At least two criteria suggest that comparisons 

between these systems are valid. Firstly, the time scale of refolding 

is similar to that of in vivo folding and secondly, the product of 

refolding has structural and functional characteristics which are 

similar, if not identical, to those of the original protein (Jaenicke 
and Rudolph, 1986).

Since the 1930*s protein refolding has been widely employed in an 

attempt to elucidate the mechanisms of in vivo folding. The refolding 

of pure material under carefully controlled in vitro conditions has 

been defined for a number of proteins. However, it should be noted 

that refolding of proteins occurs from a denatured but complete 

polypeptide whereas in vivo protein folding could be envisaged as 

occurring in stages as a co-translatlonal process. There is some 

evidence that in vivo folding does occur in this way (Bergman and 

Kuehl, 1979) and this may account for the inability of some larger 

polypeptides to "fold up" efficiently during refolding studies 
(Teschner et aJ. , 1987).

21



In the case of ollgoaerlc proteins it Is clear that the processes of 

polypeptide folding aajst be closely co-ordinated with the association 

of subunits into the required quaternary structure. This increased 

level of coo^lexity requires that the conditions of dénaturation and 

renaturation be carefully controlled during refolding studies. Without 
such attention the formation of "wrong aggregates" through inter- and 

intramolecular interactions becomes a major competing reaction to the 

correct processes of subunit folding and association (Tii pel and 

Koshland, 1971, Zettlmelssel et aj., 1979). The refolding of proteins, 

and in particular that of oligomeric systems, must therefore be 

examined under optimal conditions in order to mimic accurately the 
processes of in viva folding.

The time scale of protein refolding is generally rapid (seconds to 

minutes) and in such periods there is not sufficient time for a 

polypeptide to examine randomly all potential structures in search of 

Its correct functional conformation (Levlnthal, 1968). As a result a 

number of refolding pathway models have been proposed in order to 

limit the number of possible conformations into which a protein may 

fold. Most theories propose an initial collapse from the denatured 

random coll conformation as a result of hydrophobic Interactions with 

the exclusion of water or through the formation of some secondary 

structural elements. These elements represent the "kernels" for 

further collapse to a globular conformation with elements of non­

regular and/or ordered secondary structure. This conformation has been 

termed the "molten globule state" (Dolgikh et al, , 1982, Ohgushi and
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Vada, 1983) and appears to be functionally Inactive and lacking 

certain structural characteristics of the native protein. The molten 

globule state may be distinguished from the native conformation in 

terms of certain spectral differences and its marginally more "open" 

structure (Ptltsyn, 1987), The formation of this semi-ordered state 

limits the number of folding reactions accessible to a protein and 

thereby "channels" and accelerates the protein folding towards the 

native configuration. The subsequent structural alterations generally 

form the rate limiting steps in refolding and Involve further folding 

processes and the making and breaking of disulphide bonds and non- 
covalent interactions (Pain, 1987),

This model of refolding represents the simplest situation and it is 

possible that a number of different kernels or molten globule states, 

and the pathways interconnecting them, may exist during refolding. 

However, it is the principle of progressively directing these 

intermediates towards the native structure by limiting accessibility 

to all conformations that is the basis of the proposed refolding 
pathway.

The native conformation of a protein may represent a structure of 

global free energy minima obtained through a pathway driven by 

thermod3mamlc processes. There is some support for such a mechanism of 

structure formation in the agreement between observed and calculated 

(on the basis of energy minimisation) protein structures (Sternberg,

1986). However, refolding pathways may act to limit progress to a
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global energy nlnlnua such that the native confornatlon only 

represents the energy minima of klnetlcally accessible structures. The 

biosynthesis of the class I histocompatibility antigens provides 
evidence for such a scheme since they seem to be trapped In native 
conformations that do not represent the global energy minima (Owen et 

al., 1980). An experimental method of distinguishing between the 

"thermodynamic" and "kinetic" models as determinants of native 

conformation Is difficult to envisage and the true situation may 

include exas^les from both schemes and some of an intermediate nature.

A number of proteins are subjected to co- or post-translational 

modification and as these processes are on the pathway between 

translation of mRHA and expression of protein function or activity 

they have been considered by some authors within the scheme of protein 

folding. Modifications include hydroxylation and carboxylation of 

residues, glycosylation, phosphorylation and limited proteolysis and 

these have been well reviewed by Freedman and Hawkins (1980). These 

modifications will not be reviewed In detail here, however. It Is of 

interest that recent evidence Indicates that glycosylation of 

ribonucléase, which appears to be a co-translatlonal process in vivo 

(Pless and Lennarz, 1977), does not affect Its in vitro refolding 
(Grafl et al., 1987).
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1.6. PrQteilL refolding; ê peringnt.al apprnarhog

Proteins are readily denatured by a nunber of treatments including 

extremes of pH, heating, organic solvents, detergents (e.g; SDS), 

chaotroplc agents, urea and guanidine hydrochloride. The use of the 

latter two agents is most common since the degree of unfolding 

produced is greater and dénaturation therefore approaches a two state 

mechanism (Pace and Vanderberg, 1979). Guanidine hydrochloride 

(GdnHCl) is generally 1.5 to 2.5 times more effective on a molar basis 

than urea (Greene and Pace, 1974). Urea also decoxsposes to yield 

cyanate (Pace and Vanderberg, 1979). The exact mechanism by which 

GdnHCl and urea denature proteins is not known but they seem to 

Increase the solubility of non-polar residues and act to disrupt non- 
covalent interactions (lozaki and Tanford, 1963).

The refolding of denatured proteins is initiated by the removal of the 

appropriate denaturing force. In the case of GdnHCl and urea this may 

be conveniently achieved by dialysis, desalting or dilution. The time 

scale of protein refolding is generally very short and as such the 

definition of individual molecular events occurring during this 

process is difficult. In the transition between the unfolded (U) and 

native (F) forms of a protein it is generally only Ü and F that are 

significantly populated at equilibrium. Intermediate partly folded 

forms which could be used to characterise the transition pathway do 

not appear under normal conditions at levels that would permit their 

characterisation by detailed structural techniques such as X-ray
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crystallography and IKR. There Is sone evidence that refolding 

performed In aqueous-organic cryosolvents at sub-zero tei^ratures nay 

provide conditions under which these Intermediates are significantly 

populated. Under these conditions the hydrophobic and thermodynamic 

driving forces towards the native form are reduced thereby allowing 

partly folded species to accumulate (Fink, 1986). However,a number of 

other techniques have been successfully adapted to allow an 

examination of refolding pathways at ambient temperatures. These are 

listed In Table 1 with appropriate references cited for their use In 
following protein refolding.

Recent advances in DÏA technology and site directed mutagenesis now 

allow the Introduction of specified changes Into the sequence of a 

polypeptide. Clearly any of the techniques In Table 1 could be applied 

to mutant proteins derived by these methods such that the rôle of 

specific residues or sequences of amino acids on the mechanisms of 

refolding might be elucidated (King and Yu, 1986, Ramdas and Fall, 

1986, Hat thews and Hurle, 1987). The vast potential arising from the 

use of these mutant proteins will hopefully produce more rapid 

progress towards an understanding of the processes of protein folding.

1 7̂ . Protein refolding; experimental observât!nna.

The refolding of a number of proteins has been examined over the last 

twenty years. Initial studies focussed on simple monomeric proteins 

such as rlbonuclease and bovine pancreatic trypsin inhibitor. Vlth the
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refinenent of techniques more recent work has examined the refolding 

of larger monomeric and oligomeric proteins In which the problems of 

obtaining accurate refolding are Increased. In this account It Is 

proposed to examine examples from each of these areas and to relate 

the patterns of refolding observed to the general "pathway" model 
considered In section 1.5.

LZ^l. Refolding of single domain monomeric proteins.

The refolding of bovine pancreatic rlbonuclease A following 

denaturatlon In GdnHCl has been extensively studied by two groups led 

by Baldwin (Baldwin, 1980) and Schmid (Schmid, 1986). Evidence was 

originally presented for the existence of two unfolded states of this 

protein on the basis of the observed blphasic kinetics of reactivation 

(Garel and Baldwin, 1973). A fast (Up) and slow (Us) refolding species 

were detected and a plausible explanation for the two forms relating 

to the Isomerization of proline residues was first proposed by Brandts 

et al. (1975). This theory suggested that following the rapid 

unfolding of the native protein (I) to Up the prollne residues 

isomerize to the Incorrect trans configuration giving Us. The Us 

species would therefore have to isomerize to the cis configuration 
prior to refolding according to the scheme;

Us Up I
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These co n c lu s io n s  were supp orted  by th e  o b s e rv a tio n  th a t  the  

a c t iv a t io n  energy o f the  U s ^ = f c  Uf- r e a c t io n  (85 kJ m o l - \  Schmid and 

Baldwin, 1978) was s im i la r  to  th a t  o f  a c i s - t r a n s  p ro l ln e  

is o m e riz a tio n  (84 kJ m ol~’ , B rand ts  e t  a l . , 1 9 7 5 ). The ty p ic a l  

e q u ilib r iu m  o f Us and Uf in  th e  above scheme is  BOX and 20% o f the  

to ta l  un fo lded  s p e c ie s  r e s p e c t iv e ly  (G a re l and B aldw in , 19 73 ).

Subsequent work has in d ic a te d  th a t  two s lo w  r e fo ld in g  s p e c ie s  (Us* and 

Us” ) a re  p o p u la te d  from  Uf . At e q u il ib r iu m  U s **, th e  f a s t e r  o f the  

two slow  r e fo ld in g  s p e c ie s , re p re s e n ts  65-70% o f th e  t o t a l  un fo lded  

species w ith  Us* co m p ris in g  10-15%. Us** is  th oug ht to  c o n ta in  o n ly  

one in c o r re c t  p r o l in e  Isom er (Pro 93 ) whereas Us* c o n ta in s  a d d it io n a l  

p ro lin e  re s id u e (s )  in  th e  t r a n s  c o n f ig u r a t io n  (Schmid e t  a l .  , 1986). 

The r e fo ld in g  o f th e  Us** s p e c ie s  is  f a i r l y  w e ll understood and seems 

to  be dependent on the  fo ld in g  c o n d it io n s . Under s tro n g ly  n a tiv e  

c o n d itio n s  (e .g . in  th e  presence o f  (ITH^)2S0 .i) U s** r e fo ld s  through  

two in te rm e d ia te s , I i  and I m , b e fo re  th e  is o m e r iz a t io n  o f th e  Pro 93 

to  the n a t iv e  c o n f ig u r a t io n . I i  i s  a s t ru c tu re  o f open c o n f ig u ra t io n  

but w ith  lo c a l H-bonded secondary s t r u c tu r e  formed by ra p id  r e fo ld in g  

of U s**. Iw is  a n a t iv e - l i k e  in te rm e d ia te , formed fo llo w in g  subsequent 

re fo ld in g  o f I i ,  which has a hydrophobic In t e r i o r ,  n u c le o tid e  b in d in g  

c a p a c ity  and c a t a ly t i c  a c t i v i t y .  I t  d i f f e r s  from  N o n ly  in  some 

s p e c tra l p ro p e r t ie s  and th e  c o n f ig u r a t io n  o f  Pro 93 (Schmid, 1983, 

Schmid e t  a l . ,  1986, Schmid. 1 9 8 6 ). The r e fo ld in g  o f  Ub * i s  le s s  w e ll 

documented p r im a r i ly  due to  i t s  low le v e l  in  th e  pool o f U s p e c ie s .
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The refolding of ribonucléase A, and in particular the slightly 

artificial refolding of the Us** species under strongly native 

conditionSi fits into the general pattern of the folding pathway 

considered in section 1.5. Rapid collapse of structure during

refolding, presumably via kernel formation, produces the molten 

globule state (Ii and In ) which refold further to establish In and 

undergo subsequent covalent modification as the rate limiting reaction 
in the formation of Ï.

■»

The refolding of another small monomeric protein, bovine pancreatic 

trypsin Inhibitor has been extensively examined by Creighton and co­

workers using a disulphide trapping technique (Creighton, 1980). From 

a number of studies these workers have proposed a refolding pathway 

for this protein as indicated in Fig. 7. This scheme involves a rapid 

initial collapse to a ^molten globular" structure containing one of a 

set of disulphide bonds (5-30, 30-51 or 5-55). These residue pairings 

characterise the subsequent pathway which involves the rearrangement 

of covalent and non-covalent bonds to yield the native configuration 

(Ï; containing disulphides 30-51, 5-55 and 14-38) as indicated.

The Initial structural collapse to the molten globule structure has 

not been well characterised in rlbonuclease or bovine pancreatic 

trypsin inhibitor. In small monomeric proteins this collapse is so 

rapid that even with advanced stopped-flow techniques the structural 

changes during collapse are conpleted within the dead time of 
measurement, generally 10-20 ms (Kuwajlma et al., 1987).
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— SfifOldlng of JUlti—dnnain mnnnmprir! prntping.

Large proteins often contain domains which are thought to act as 

Independent folding units (Adams et ai., 1980). In the native protein 

domains represent compact regions of structure of Mr 10-15,000. Where 

these domains are separated from local structures by intervening 

sequences of non-ordered polypeptide they could be envisaged as 

folding independently with the subsequent association of the folded 

units comprising the rate limiting reaction in the formation of 

activity (Goldberg and Zetina, 1980). This scheme of "folding by 

parts" would have the advantage of accelerating the overall process of 

folding and allowing structure acquisition to occur as a co- 

translational process thereby reducing the potential for proteolysis 
and incorrect folding or aggregation reactions.

The refolding of the monomeric multi-domain protein octoplne 

dehydrogenase has been studied by Zettlmeissi et al. (1984) and 

Teschner et al. (1987). The enzyme from PectQn Jacobaeus has a Mr of 

45,000. Reactivation of this enzyme following dénaturation in 6 M 
GdnHCl is characterised by a slow first order process with t»* 

approximately 30 min. Using spectroscopic techniques an intermediate 

(Ii) has been defined with fluorescence and circular dichrolsm 

properties identical to the native enzyme. Ii is formed rapidly within 

15 s of refolding and seems to represent a highly folded but Inactive 

conformation, l.e; the molten globule state. A second intermediate 

<l2) is formed from this state in a slower phase and differs from Ii
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in  I t s  re s is ta n c e  to  the  p ro te in a s e s  t r y p s in  and th e rm o ly s ln . The ra te  

of I z  fo rm a tio n  and the  a c t iv a t io n  en ergy  o f th e  I ,  -> I,-, t r a n s i t io n  is  

co n s is te n t w ith  a process o f p r o l ln e  is o m e riz a tio n . i s  subsequ ently  

converted to  th e  n a t iv e  enzyme <S) in  th e  s low est process o f a l l .  The 

appearance o f  U is  d e te c te d  as the  r e a c t iv a t io n  o f  th e  enzyme and the  

conversion I 2 -> N seems to  be a f fe c te d  by s o lv e n t v is c o s ity .  The 

conclusion o f  Teschner e t  a l .  (1987 ) from  these o b s e rv a tio n s  i s  th a t  

th is  co n vers io n  re p re s e n ts  p rocesses d u rin g  which fo ld e d  u n its  a re  

moving r e la t iv e  to  one a n o th e r such as d u rin g  domain a s s o c ia t io n .  

There is  some ev idence t h a t  a d i r e c t  ro u te  o f  U fo rm a tio n  from  I ,  

e x is ts  in  th a t  no la g  in  r e a c t iv a t io n  is  observed co rrespon d in g  to  the  

I .  -> U- -> N pathway. T h is  ro u te  presum ably r e f l e c t s  I ,  s p e c ie s  

co n ta in in g  th e  p r o l in e  c o n f ig u r a t io n  o f  th e  n a t iv e  enzyme.

A ppioxim ately 30% o f d en a tu red  o c to p in e  dehydrogenase form s an 

in c o r re c t ly  fo ld e d  in a c t iv e  s p e c ie s  (X) which does not a r is e  th rough  

in te rm o le c u la r  a g g re g a tio n . The flu o re s c e n c e  c h a r a c t e r is t ic s  o f X 

suggest i t s  fo rm a tio n  from  th e  den atu red  enzyme r a th e r  than I i .  The 

o r ig in  o f th e  in c o r re c t  r e fo ld in g  to  X is  unknown bu t does not seem to  

be i r r e v e r s ib le  s in c e  X may be s e p a ra te d  from  N, denatu red  and 

re fo ld e d  to  y ie ld  70% F and 30% X. The scheme f o r  th e  r e fo ld in g  

pathway o f o c to p in e  dehydrogenase is  thus;

U I , Iz

H
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U -) Il might be envisaged as the collapse to a molten globule state 

with II -♦ F and Ii -» I2 -» H representing subsequent structural 

arrangements confirming the final native conformation. U -) X would 

seem to represent a collapse and/or refolding to an Inactive trapped 

configuration. The formation of X during refolding in vitro perhaps 

reflects the contribution of the vectorial processes of in vivo 

protein synthesis to the correct folding of this enzyme. Octoplne 

dehydrogenase may therefore fold by parts as a co-translatlonal 

process in vivo.

1.7.3. Reioldlag of oligonerlc proteias.

The refolding of monomeric proteins considered above Is dependent on 

sequential or parallel first order reactions as rate limiting 

reactions. In oligomeric proteins second order processes of subunit 

association may become the rate limiting steps of refolding.

The refolding of lactate dehydrogenase from porcine muscle has been 

extensively studied by Jaenlcke and co-workers. Lactate dehydrogenase 

is comprised of four identical subunits arranged in a tetrahedral 

configuration. Intersubunit contact areas show pairwise Interactions 

and the enzyme therefore represents a dimer of dimers (Holbrook et 

ai., 1975). Initial refolding studies defined the effects of

temperature, pressure, state of dissociation and coenzymes on the 

kinetics of reactivation (Rudolph and Jaenlcke, 1976, Rudolph et al. , 

1977a, Rudolph et al., 1977b, Schade et al., 1980). The levels of
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reactivation were variable with the fornatlon of non-covalent 

aggregates the najor coiq>etlng reaction to correct refolding. 

Aggregate formation has been extensively studied by Zettlmeissel et 

ai., (1979) and shown to be related to the extent of dénaturation and 

the concentration of enzyme during refolding as indicated In Fig. 8. 

Aggregate formation occurs through processes with reaction order 

greater than two In competition with the first order subunit refolding 

reactions on the pathway to the active configuration.

The kinetics of subunit reassoclatlon under optimal conditions of 

reactivation have been determined using the glutaraldehyde cross- 

linking technique (Hermann et al. , 1981). The reassociation process 

can be adequately described by a first order association equilibrium 

between monomers (M) and dimers (D) followed by a second order 

irreversible association of dimers to tetramers (T). Tetramerization 

parallels the reactivation kinetics and therefore T is the sole active 

species. The scheme for the pathway of lactate dehydrogenase refolding 

is thus;

Ü 4 M ^ 2 D

VHOÏG AGGSEGATES

w ith K = 3 X 10® M -’ and k = 3 .1 5  x 10^ M"’ s ~ ’ a t  20°C .
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Figure 8 . E f f e c t  o f  enzyme c o n c e n tra t io n  on th e  e x te n t  o f  r e a c t i ­
v a t io n  and a g g re g a tio n  d u rin g  th e  r e fo ld in g  o f  la c t a t e  
dehydrogenase (from  Z e t t lm e is s l  e t  a l . , 1 9 7 9 ) .



Subsequent work by Glrg et al. (1981) showed that the dimeric species 

could be trapped in a stable configuration by the addition of 

thermolysin one minute after the Initiation of refolding by which time 

the X -) D transition was essentially conplete. Sndgroup analysis of 

these dimers showed that the V-termlnal acetylation present in the 

native enzyme was missing. The inq>llcatlon was therefore that a number 

of amino acids had been cleaved from the V-terminal region and that 

these residues were required for stabilisation of the native 

tetrameric configuration. As conformation of this, the X-ray 

crystallographic structure (Holbrook et al., 1975) did indeed show 

that the dimer of dimers was held together by an X-termlnal arm of 

approximately 20 amino acids. The sites of cleavage in this arm are 

only accessible during refolding and not in the native configuration, 

since a similar thermolysin treatment has no effect on the native 

enzyme.

Glrg et al. (1983) examined the characteristics of the proteolytic 

dimers and the dimers formed during reassociation. Both had circular 

dlchroism similar to the native enzyme and approximately 50% of the 

native fluorescence. This significant structural component was 

reflected in the ability of the dimers to bind the affinity dye 

procion green. Triazine dyes such as proclon green are known to 

interact with the nucleotide fold of dehydrogenases (Biellmann et al., 

1979) implying that this structural element is present in the dimers. 

The dimers also exhibited approximately 40% of the native catalytic 

activity in the presence of "structure-making" ions such as (IH«)2S04.
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Host recently, Opitz et al. (1987) have shown that the proteolytic 

dimers are heterogenous and comprised of species with cleavage sites 

additional to the 1-terminal arm. These Internally "nicked" diners are 

active and are able to reassociate following dénaturation in GdnHCl 

indicating that separate domains or fragments of a protein nay be able 

to fold and associate correctly even without inter-connecting 

stretches of polypeptide. These findings therefore further support the 

possibility that large proteins nay fold by parts with the association 

of domains as a consecutive process (sections 1.5. and 1.7.2.)

Clearly the dimeric (and probably the monomeric) intermediates of 

lactate dehydrogenase reassociation could be envisaged as representing 

the molten globule state. The dimers contain considerable native 

structure and the presence of a nucleotide binding site, although 

under normal conditions these species are inactive. In the presence of 

structure-making ions tightening of the globular structure of the 

dimeric intermediates produces some catalytic activity. A similar 

process of structural tightening in the molten globule state would 

presumably lead to the formation of the native enzyme (T) and full 

activity in the normal pathway of refolding.

1 '! i

1.8 , C ata ly s is  of protein folding in vivo.

The structural processing that occurs during the transition between 

the molten globule state and the native conformation are the rate 

limiting processes of refolding in the exai^les considered above. The
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t r a n s it io n  seems to  in v o lv e  a g e n e ra l " t ig h te n in g "  o f  s t r u c tu r e  in  

asso c ia tio n  w ith  changes in  d is u lp h id e  bonding and n o n -c o v a le n t  

in te ra c t io n s . Recent ev idence  has emerged t h a t  th e s e  processes may be 

enzyme c a ta ly s e d  d u rin g  in  v iv o  fo ld in g .

The enzyme p e p t id y l p r o ly l  isom erase <PPI) has been Is o la te d  from  p ig  

kidney by F is c h e r  and Bang (1 9 8 5 ). Lang e t  a l .  (1 9 8 7 ) have shown th a t  

th is  enzyme c a ta ly s e s  th e  r e fo ld in g  o f a number o f  p ro te in s  t h a t  have 

Us re fo ld in g  s p e c ie s . Evans e t  a l .  (1987 ) have a ls o  shown th a t  t h is  

enzyme may have a r ô le  in  c a ta ly s in g  p r o l ln e  is o m e r iz a t io n  in  th e  

native  c o n f ig u r a t io n  o f S ta p h y lo c o c c a l n u c lease . S im i la r ly ,  th e  enzyme 

p ro te in  d is u lp h id e  isom erase (PDI> has been shown to  c a ta ly s e  th e  

assembly o f p ro c o lla g e n  from  i t s  c o n s t itu e n t  p o ly p e p tid e s  v ia  

d isu lp h id e  bond fo rm a tio n  (M y lly la  and K oivu, 1987) and has been found  

in a s s o c ia tio n  w ith  a n tib o d y  p o ly p e p tid e s  i n  v i v o  (Roth and P ie rc e ,

1987). However, d e s p ite  t h is  ev idence th e  e x a c t c a t a ly t i c  r ô le  o f  

these enzymes d u rin g  i n  v i v o  fo ld in g  i s  not y e t known.

! I

1.9. Pro te in  r e fo ld in g ;  a p p lic a t io n s .

P ro te in  r e fo ld in g  i s  th e  o n ly  te ch n iq u e  c u r r e n t ly  a v a i la b le  which  

allow s an e x a m in a tio n  o f th e  mechanisms o f i n  v i v o  p r o te in  fo ld in g .  

The e lu c id a t io n  o f th ese  mechanisms is  o f c o n s id e ra b le  s c i e n t i f i c  

in te re s t as th ese  complex processes com prise an e s s e n t ia l  ev en t on th e  

pathway between s to re d  g e n e t ic  in fo rm a tio n  and i t s  e x p re s s io n  in  the  

form of fu n c t io n a l p r o te in . R e fo ld in g  s tu d ie s  a re  th oug ht to  a c t  as a

I i
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suitable model for in vivo protein folding providing that the 

refolding conditions are carefully controlled. However, in any 

conparIsons between these two processes consideration must also be 

made to the contributions of the vectorial nature of protein synthesis 

(allowing co-translatlonal folding) and the possible enzymic catalysis 

of certain folding reactions in vivo (sections 1.5., 1.7.2., 1.7.3.,

1.8.).

A detailed understanding of the processes of protein refolding could 

have extensive applications in the area of "protein engineering". This 

term has recently been coined to describe the techniques whereby 

existing proteins could be genetically manipulated, or new proteins 

designed and synthesised ab initio, to perform a pre-deflned 

biological or non-blological function (Oxender and Fox, 1987). 

Clearly, a detailed knowledge of protein folding would allow the 

effects of mutations on the ability of proteins to fold correctly to 

be predicted. Similarly, it could be envisaged that a complete 

definition of the mechanisms of folding could allow the design of 

proteins which would fold to a specified functional configuration.

The study of protein refolding has further applications that are not 

dependent on its use as a model for folding in vivo. These result from 

problems encountered when eukaryotic genes are cloned into and 

expressed in prokaryotic vectors such as Escherichia coll. In such 

cases the gene product is often produced as insoluble aggregated 

material which form dense Inclusion bodies (Marston, 1986). This I ■ !
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phenomenon may p a r t ly  r e s u l t  from  th e  i n a b i l i t y  o f  th e  p ro k a ry o t ic  

environment to  process s u c c e s s fu lly  th e  fo re ig n  p o ly p e p tid e s . The 

process is  u s e fu l f o r  th e  purposes o f  p u r i f i c a t io n  s in c e  

the in c lu s io n  bod ies  w i l l  sedim ent r e a d i ly  w ith  low speed  

c e n tr ifu g a t io n . However, to  o b ta in  a c t iv e  p ro d u ct th e  p r o te in  must be 

denatured and re fo ld e d  in to  i t s  c o r re c t  c o n f ig u r a t io n .  Aggregated  

m ateria l is  d e n atu red  in  th e  presence o f  a re d u c ta n t w hich b reaks  any  

in te rm o le c u la r d is u lp h id e  bonds. In  t h is  s t a te  th e  rem oval o f  

dénaturant and p ro v is io n  o f an o x id is in g  en v iron m ent a llo w s  th e  

p ro te in  to  r e f o ld  to  i t s  a c t iv e  c o n f ig u r a t io n . C le a r ly  th e  d e f in i t io n  

of the r e fo ld in g  c o n d it io n s  p ro d u c in g  optimum y ie ld  o f  c o r r e c t ly  

folded product c o u ld  be o b ta in e d  from  p r e lim in a r y  p r o te in  r e fo ld in g  

studies such as th ose  rev iew ed  in  s e c t io n  1 .7 .

1 1 riii. Dénaturation and .rgioldlng s tu d ie s  on p h o sp h o g lycera te  mutase<

Phcsphoglycerate mutases provide an id e a l system  w ith  which c e r t a in  

aspects of th e  processes o f p r o te in  r e fo ld in g  can be s tu d ie d . The 

interesting d iv is io n  of c o fa c to r  req u ire m e n t in  th e s e  enzymes is  

associated w ith  fu r t h e r  m e c h a n is tic  and s t r u c t u r a l  d i f fe r e n c e s  betw een  

the two groups (s e c t io n s  1 . 1 . ,  1 .2 .  and 1 . 3 . ) .  The c o fa c to r  dependent 

and Independent enzymes can th e r e fo r e  p ro v id e  in t e r e s t in g  com parisons  

between the r e fo ld in g  o f analogous p ro te in s . In  th e  case o f  th e  

cofactor dependent ph o sp h o g lycera te  mutases c o n s id e ra b le  s t r u c t u r a l  

and m echan istic  In fo rm a tio n  is  a v a i la b le  which can be r e la t e d  to  th e  

observed processes o f r e fo ld in g .  The X -ra y  s t r u c tu r e  and amino a c id
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sequence of the bakers yeast en2yne are known (section 1.2.1.) and the 

kinetics of reassoclatlon and reactivation during refolding have been 
extensively studied (section 3.1.).

Phosphoglycerate nutases also provide a range of structural

complexities in which protein refolding could be usefully studied. The 

S.pombe enzyme represents a fairly small monomeric protein, the

cofactor independent enzymes are larger monomers and therefore 

probably multi-domain proteins while the oligomeric rabbit muscle and 

bakers yeast enzymes have a dimeric and tetramerlc configuration 

respectively. The latter two enzymes therefore require both folding 

and association processes during refolding. These three levels of

complexity are comparable to the examples of protein refolding
considered in section 1.7.

The aims of this thesis were to examine the dénaturation and 

renaturation (refolding) characteristics of phosphoglycerate mutase 

enzymes as a group. The refolding of these enzymes could then be 

compared with the model of "folding pathways" considered in

section 1.5. The bakers yeast, rabbit najscle, S.pombe and cofactor 

Independent enzymes from wheat germ and Aspergillus Dldulans were 

selected as representative examples including different levels of 

structural con5>lexity and requirement for cofactor. The dénaturation 

transitions were monitored through loss of catalytic activity and 

changes in protein fluorescence and circular dichrolsm. Refolding and 

reassociation following dénaturation in GdnHCl were monitored through
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reactivation of the enzynes and this process was probed using United 

proteolysis as an Indicator of bond accessibility. In such studies It 

was hoped to produce proteinase resistant fragments which might 

represent compact folded structures or domains. The formation of these 

structural elements during refolding could be defined and related to 

published sequence and structural information where available. It was 

also proposed to Investigate the possible metal Ion requirement of the 

cofactor Independent enzymes both for catalytic activity and 

structural regain during refolding. A number of cofactor Independent 

enzymes were examined for a metal Ion requirement and structural 

similarities whilst the refolding of the wheat germ and A.nidulans 

enzymes was examined In more detail.

In addition to developing and/or refining the Isolation and 

purification procedures for the enzymes required In the above studies, 

it was hoped to produce sufficient quantities of pure S.pombe 

phosphoglycerate mutase to allow its further characterisation through 

collaborative studies with the Universities of Aberdeen and 
Regensburg.





2.1.  MATERIALS.

2 .1 .1 .  M icroorganism s and o th e r  b io lo g ic a l  m a te r ia ls .

Fresh bakers y e a s t iSaccharoj^ces cerevisiae') was th e  k in d  g i f t  o f  th e  

D is t i l le r s  Company L t d . , M e n s tr ie , S c o tla n d . Scbizosaccbaromyces pombe 

(CKI 39917) and Candida utilis CCKl 23311 ) were o b ta in e d  from  th e  

Commonwealth M y c o lo g lc a l In s t i t u t e ,  Kew, England. Aspergillus nidulans 

BVB 272 was s u p p lie d  by D r .L .S te v e n s , U n iv e r s ity  o f  S t i r l i n g ,  

Scotland. Escbericbia coll and Klebsiella aerogenes c u ltu re s  were 

supplied by D r . M. BTorth, U n iv e r s ity  o f S t i r l i n g ,  S c o tla n d . Wheat germ, 

potatoes and mung beans were o b ta in e d  from  lo c a l  r e t a i l  s u p p lie rs .

2^1-2. P ro te in s , s u b s tra te s  and co-enzym es.

P ur i f i e d  phosphog lycerate  mutase from  bakers  y e a s t, S.pombe, A.nidulans 

and wheat germ were p rep ared  as  d e s c rib e d  in  s e c t io n s  3 . 2 . ,  5 . 2 .  and

6.2.  P u r i f ie d  phospho g lycerate  mutase from  r a b b it  m uscle was o b ta in e d  

from B oehringer Mannheim as  a 5 mg m l- ’ (JHa )2S 0 a suspension . C ou p lin g  

enzymes used in c lu d in g  en o lase  from  r a b b it  muscle (10 mg ml“ ’ ) and 

pyruvate k in a s e / la c ta t e  dehydrogenase m ix tu re  from  r a b b i t  muscle (4 mg 

®1 ’ ) were s u p p lie d  by B o e h rin g er as  ( IH .* )2SOa suspensions . B o eh rin g er  

also su p p lied  p ro te in a s e  K from  Trltiracbium album Lim ber and a ld o la s e  

from ra b b it  m uscle. Sigma Chem ical Co. s u p p lie d  th e  fo llo w in g  

pro te in s; bovine serum a lbum in , ovalbum in, try p s in o g e n , cytochrom e C, 

lysozyme, D a lto n  Mark V I I  SDS—PAGE Mr m arker s e t ,  th e rm o ly s ln , a -
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chyootrypeln (tosyllysylchloronethane (TLCK) treated), subtlllsln 

BPI’, elastase type IV, V- 8  proteinase fron Staphylococcus aureus and 

turkey egg-white protelnase-lnhlbltor protein (type II-T). Trypsin 

(tosylphenylalanylchloronethane (TPCK) treated) three tines 
recrystal llzed was obtained from Vorthlngton (3orp, and aprotlnln 

(trasylol) was obtained from Bayer. Boehrlnger supplied the following 

substrates and co-enzymes; 3-phosphoglycerate (grades 1 and 2), 2- 

phosphoglycerate, AMP, ADP, ATP, MAD^ and lADH. Sigma supplied the
2,3-blsphosphoglycerate used.

2.1.3. Chemicals.

GdnHCl (Arlstar grade), acrylamide and I,H-methylene-blsacrylamlde 

(both Electran grade) were supplied by BDH. (HH.*)2S0.* (specially low 

In heavy metals) was supplied by Flsons. All other chemicals used were 
of A. R. grade.

2^1.4. Chronatoyraphy media.

Clbacron Blue F3GA-sepharose (Reactive Blue 2 ), QAE-cellulose, 

Sephadex G-150 and Sephadex G-25 were obtained from Sigma. DEAE- 

cellulose was obtained from Vhatman and Sephacryl S-300 was from 
Pharmacia.





9 2. ICETHQDS.

I Afisessaent Oi protein hoaggenelty and relative aolecular nass.

2.2. 1.1.  SDS-PAGB.

Polyacrylanlde gel electrophoresis in the presence of SDS was 

performed by the method of Laemmli (1970). Details of buffers, 

solutions and the preparation of slab gels are given in Appendix I. 

Polyacrylamide slab gels were routinely prepared in advance and stored 
for a maximum of 5 days at 4°C until required.

For sample preparation protein solutions were mixed with an equal 

volume of double strength sample buffer containing 1 0% v/v 2- 

mercaptoethanol and boiled for 3 min. After cooling a mixture of 2- 

aercaptoethanol and 1% w/v bromophenol blue (50:50) was added to a 

final concentration of 5% v/v and the sanq>les loaded onto gels using a 

Hamilton syringe. Sai:q>le volume after preparation was 1 0 - 2 0 0 pi and 

contained 1-20 pg protein. Gels were run at a constant current of 12 
®A for 6 h or 4 mA overnight.

Gels were stained for protein in (k)omassie Brilliant Blue R-250 

solution and destained in 1 0% v/v acetic acid. When required gels were 
silver stained by the method of Wray et al, (1981). Details of the 

preparation of solutions and the basic silver staining procedure are 

given in Appendix I. After staining and destalnlng,gels were scanned

i
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densitometrlcally using a Shlnadzu CS-930 TLC scanner and/or 

photographed and subsequently dried using a Bio-Rad slab gel dryer.

Protein Mr values were determined from relative migrations during SDS- 

PAGE with reference to the migration of the standard proteins of the 

Dalton Mark VII Mr marker set. This proprletry marker set contains 

bovine serum albumin (6 6 ,0 0 0), ovalbumin (4 5 ,0 0 0), glyceraldehyde-3 - 

phosphate dehydrogenase from rabbit muscle (36,000), bovine carbonic 

anhydrase (29,000), trypslnogen (24,000), soybean trypsin Inhibitor 

(20,100) and a-lactalbumln (14,200). A typical calibration for these 

proteins on a 12% acrylamide separating gel Is shown In Fig. 9. 

Aprotlnln (6,500) was used to supplement the Dalton Mark VII Mr marker 

set when higher percentage acrylamide separating gels were employed In 
studies of protein fragmentation.

2.2.1.2. Gel filtration.

Gel filtration was performed In 50 mM sodium phosphate buffer, pH 7.5. 

Both Sephadex G-150 and Sephacryl S-300 gels were used and 

■anufacturers recommendations were followed for the swelling, pouring 

and storage of columns. Columns were run at an approximate flow rate 

of 1 ml min-^ and were calibrated using the following proteins of 

known relative molecular mass; bovine serum albumin (6 6 ,0 0 0), 

ovalbumin (45,000), trypslnogen (24,000) and cytochrome C (12,400). 
Tke elution of standard proteins was detected by absorbance at 280 nm. 

The column void volume was determined using Blue Dextran (Mr; 2 x 10*)
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Figure 9. Migration of standard proteins relative to their Log Mr 
following SDS-PAGE on a 12% polyacrylcunide separating gel.

Rm values express the migration of proteins relative to the bromo- phenol blue present in each sample.
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detected In fractions by absorbance at 600 nm. The calibrations of the 

Sephacryl S-300 coluon (38 cm x 4.9 c«*> and Sephadex G-150 column (22 
CB X 3.8 cnF) are shown In Figs. 10 and 11 respectively.

2.2.2. Determination of protein concentration.

i

Protein concentration was routinely determined using the method of 

Sedmak and Grossberg (1977). To a protein sample made up to a final 

volume of 1 ml with distilled water was added 1 ml of Coomassle 

reagent comprising 0.06% w/v Coomassle Brilliant Blue G-250 In 3% v/v 

perchloric acid. The al^orbance of the resulting solution was measured 

at 620 nm and 465 nm against an absorbance blank of distilled water. 

The ratio of these absorbances (620/465) for each protein sample were 

calculated and the absorbance ratio of protein blank ( 1 ml distilled 

water and 1 ml Coomassle reagent) subtracted from each value. The 

corrected values were used to determine the protein concentration from 

a standard curve prepared using known concentrations of bovine serum 

albumin between 0 and 50 pg ml~'. A new standard curve was prepared 

for each new batch of Coomassle reagent. In addition, a single bovine 

serum albumin standard (20 pg ml~’) was Included In each set of 
protein determinations as a further control.

I i

• j

For purified phosphoglycerate mutase the protein concentration was 

determined from the absorbance at 280 nm using the published 

absorption coefficients (A§^o*  ̂ of 1.45 and 1.05 for the enzymes from
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Figure 11. Elution of standard proteins relative to their Log Mr 
using the Sephadex G-150 column described in 
section 2.2.1.2.



bakers yeast and rabbit muscle respectively (Edelhoch et ai. , 1957).

Comparison of the two methods of protein determination using purified 

enzyme indicated good agreement (±51&). However, the direct 

spectrophotometric method provided a more rapid and non-destructive 

technique and was therefore preferentially used for purified enzyme 

samples.

2.2.3. Assay of phosphoglycerate mutase activity.

Phosphoglycerate mutase activity was assayed in the forward direction 

(3-phosphoglycerate -» 2-phosphoglycerate) using two methods.

2.2.3.1. Continuous enolase coupled assay.

The enolase coupled assay of Rodwell et al. (1957) has been widely 

used for the assay of phosphoglycerate mutase activity. In this assay 

the isomerization of 3-phosphoglycerate to 2-phosphoglycerate is 
coupled using enolase to the formation of phosphoenolpyruvate (section 

1.1.1., Fig. 1 ). Phosphoenolpyruvate absorbs at 240 nm and the 

reaction is therefore followed at this wavelength. The standard assay 

system contained in a final volume of 1 ml; 10 mM 3 -phosphoglycerate, 

0.3 mM 2,3-bisphosphoglycerate (cofactor dependent enzymes only), 3 mM 

MgSO^ as a cofactor for enolase and lOpg (0.4 units) of rabbit muscle 

enolase in 30 mM Tris-HCl buffer, pH 7.0. The reaction was Initiated 

by addition of phosphoglycerate mutase (50 pi maximum) and the rate of 

increase in A^ao at 30°C monitored. One unit of phosphoglycerate
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■utase activity was defined as producing an Increase In Az^o of 0.1 

■ln~' and Is equivalent to 0.115 pool of 3-phosphoglycerate 

metabolised nln~^ (Grlsolla, 1962). To ensure that the enolase 

coupling system did not become rate limiting the amount of 

phosphoglycerate mutase added was adjusted to give a A Az«o of less 
than 0.15 mln~' (l.e.; less than 1.5 units were added).

i

Phosphoglycerate mutase cofactor dependence was assessed using 10 mX 

grade 1 3-phosphoglycerate In the standard assay. This substrate Is 

essentially free of contaminating 2 ,3-blsphosphoglycerate and 

therefore allows enzyme activities to be determined In the presence 
and absence of cofactor.

2.2.3.2. Stopped triple coupled assay.

The stopped triple coupled assay used was based on the assay system 

developed by Leadley et al. <1977). In the stopped assay the 2- 

phosphoglycerate formed by Isomerization of 3-phosphoglycerate In a 

separate reaction Is assayed by a coupling system containing enolase, 

pyruvate kinase and lactate dehydrogenase (section 1.1.1., Fig. 1). 

The oxidation of lADH as a result of lactate formation Is followed as 

a decrease In absorbance at 340 nm. The Initial reaction mixture 

contained, in a final volume of 1 ml; lOmM 3-phosphoglycerate and 0.3

2,3-bisphosphoglycerate (cofactor dependent enzymes only) In 30 mK 

Trls-HCl buffer, pH 7.0; at 30°C. Phosphoglycerate mutase (50 pi 

oaxlmum) was added to this system to Initiate the reaction. After

48



defined intervals of Incubation» aliquots of the Initial assay system 

were added to the coupling assay system which contained, In a final 
volume of 1 ml; 20 mK KCl, 5 mM MgSO^, 0.2 mM ADP, 0.15 mM HADH, 20 pg 

(0 .8 units) of enolase, 18 pg <7.5 units) of pyruvate kinase and 6 pg 

(7 units) of lactate dehydrogenase In 30 mM Trls-HCl buffer, pH 7.0, 

at 30°C. The immediate drop in As^o, extrapolated back to the time of 
addition, was a product of 2-phosphoglycerate formed in the initial 

assay being converted to lactate. By comparison of the decrease in 

As4o at two time Intervals the rate of 2-phosphoglycerate production 

in the initial system, and thus phosphoglycerate mutase activity, 

could be determined. Control measurements Indicated the decrease in 

A340 produced in the coupling assay system was proportional to the 

amount of added 2-phosphoglycerate for the range of observed changes
in Ac’4o .

The stopped triple coupled assay, although considerably more complex,

has a number of advantages over the continuous enolase coupled assay.

For example, the former assay allows phosphoglycerate mutase activity
to be determined in the presence of dénaturants or inhibitors at

concentrations which would normally affect the coupling enzymes since

the carry over concentration of dénaturant or inhibitor into the

coupling assay system is low. Furthermore, the absorbance of

phosphoenolpyruvate at 240 nm, monitored in the continuous enolase

coupled assay, is dependent on the assay conditions (section 1 .1 .1 .)

and therefore the enolase assay is unsuitable for detailed kinetic 
studies.
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In the context of the work reported here, the stopped triple coupled 

assay vias most widely used to assay phc^phoglycerate ñútase activity 

in the presence of GdnHCl at concentrations up to 2 M. In these 

experlnents 100 pi of the Initial reaction nlzture was added to the 

coupling assay system and therefore the naxlnun carry over 
concentration of GdnHCl was 0.2 M. This concentration had no effect on 

the determination of 2~phosphoglycerate by the coupling assay. 
Appropriate control measurements also Indicated that in the case of 

each enz3rme examined the rate of conversion of the 3-phosphoglycerate 

in the Initial system was linear over the time interval during which 

samples were withdrawn and that this rate was proportional to the 

amount of phosphoglycerate mutase added over the required range of 
enzyme concentrations.

¿ ^ .4. Dénaturati on of DhoaphoglYcerate ñútase by GdnHCi.

The dénaturation of phosphoglycerate mutase by GdnHCl was monitored 
using three methods.

4.1.-Loss of catalytic activity.

The activity of phosphoglycerate mutase In the presence of GdnHCl was 

studied using the stopped triple coupled assay system. GdnHCl was 

included in the Initial assay mixture at concentrations up to 2 M and 

the rate of 2-phosphoglycerate formation determined using the coupling 
assay system. The Initial assay was initiated by the addition of
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phosphoglycerate ñútase and so there was no period of pre-Incubât Ion 

of enzyne In GdnHCl. 2~phosphoglycerate fornatlon was deternlned 0.5 

and 3 min after the addition of phosphoglycerate nutase to the Initial 
assay mixture.

2.2.4.2._ Changes In fluorescence.

Fluorescence measurements were made at 20°C In a Perkln-Elner MPF-3L 

fluorlmeter using semi-micro quartz cuvettes of 1 ml capacity. 

Fluorescence excitation was at 290 nm and emission was monitored 

between 300 and 400 nm. Phosphoglycerate nutase fluorescence emission 

was determined In the presence and absence of GdnHCl. Enzyme and 

GdnHCl were pre-lncubated for 15 min at 4°C prior to the measurement 
of spectra.

All measurements were made using 50 mX sodium phosphate buffer, pH

7.5, and appropriate buffer or buffer and GdnHCl blanks were Included. 

All fluorescence measurements presented are uncorrected for the 

wavelength dependence of photomultiplier output but Include correction 
for the contributions of GdnHCl and/or buffer at the appropriate 
wavelengths.

^ 2.4.3. Changes In circular dlchrotea.

Circular dlchrolsm spectra were recorded at 20°C In a Jobln-Yvon 

Dlchrographe IV using 0.1 mm path length quartz cells. The elllptlclty

!
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of phosphoglycerate autaee was nonltored between 205 and 250 nn In the 

presence and absence of GdnHCl. Bnzyne and GdnHCl were pre~lncubated 

for 15 nln at 4°C prior to the aeasurenent of spectra. All 

measurements were made using 50 nX sodium phosphate buffer, pH 7.5, 

and were corrected for the contribution of GdnHCl and/or buffer using 
appropriate blanks.

Circular dichroism spectra were normalised to zero ellipticity at 250 

nm and mean residual elliptlcities calculated at 5 nm Intervals using 
the formula;

mean residual ellipticity (0„rw) = — arw X racorded elltpticltv x 3300 
protein concentration x cell path length

where mrw is the mean residue weight of an amino acid (1 1 0 ), recorded 

ellipticity is measured in degrees taking into account the sensitivity 

setting of the instrument, protein concentration is in mg ml“' and

cell path length is in cm. The units of Bmrv, are thus deg. cm ^ 
dmol“’.

2^2.5. Quenching of protein fluorescence using acrylamide and 
succlnlnidp.

Quenching of protein fluorescence was performed using the methods 

described by Eftink and Ghlron (1984). Fluorescence conditions and 

neasurement were as described in section 2 .2 .4 .2 . except that 

excitation was at 295 nm and emission was monitored at a fixed
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wavelength of 325 nm. The acrylanlde and succinlmide used in these 

studies were recrystallised from ethyl acetate and ethanol 
respectively prior to their use.

Aliquots of 2.5 M stock acrylamide or succinimide were added to 1 ml 

of phosphoglycerate mutase in the presence and absence of 0 . 3  mM 2 ,3- 

bisphosphoglycerate. Serial additions were made to a final 

concentration of 0.5 M quencher. Protein fluorescence emission was 

determined after each addition and recorded values were corrected for 

protein dilution and the "inner filter effect" described by Ward 
(1985).

The correction factor (c) for the inner filter effect was calculated
as;

I I

(1- 1 0-^.)
c =

Ao (l-1 0-«t)

where A., is the absorbance of the protein at 295 nm corrected for 

dilution and At is the combined absorbance of the protein and quencher 
st 295 nm. Initial studies indicated that the absorbance of protein 

and quencher at 295 nm were linearly related to concentration and 

therefore absorbance values were extrapolated for intermediate 
concentrations produced during the serial addition of quencher.
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Corrected fluorescence quenching data were expressed in the f o m  of 

Stern-Volner plots as the quencher concentration plotted against the

ratio of the Initial fluorescence emission of the quenched
i

fluorescence (Fo/F). The slopes of these plots give Ka and Ks values 
I for acrylamide and succlnlmlde respectively.

I■f
Succlnlmide is a less effective quencher of protein fluorescence sinceI

I its physical size in relation to acrylamide (approximately 2 0% larger; 

I Bdward, 1970) reduces its ability to penetrate a protein's Mtrix and

 ̂ quench burled aromatic residues. In addition, succinlmide quenching is

relatively inefficient in aprotic solvents (Eftink and Ghiron, 1984) 

and therefore deeply burled aromatic residues may present a 

microenvironment in which quenching is reduced. The ratio of quenching
'i

efficiencies (Ks /Ka ) determined from the Stern-Volmer plots is
■Ì

therefore regarded as an indicator of the relative exposure of 

fluorophores in a protein. A higher Ks/Ka ratio indicates greater 
solvent exposure of fluorophores.

Bftink and Ghiron (1984) examined a range of multi-tryptophan 

containing proteins and reported Ks/Ka values of between 0.1 for 

aldolase and 0.64 for lysozyme. The quenching of fluorescence in these 

proteins was re-examined here as a suitable control to the studies on 
phosphoglycerate mutases.

54



2.2.6, gfipaturatlon of bakers yeast, rabbit Miscle and S.pomb^

DhQSPhQglYcerate autaaea following deMturation in QdnHCi.

Renaturation of phosphoglycerate nutases following dénaturation In 

GdnHCl was performed essentially as described by Hernann et al. 

(1983). Enzymes were denatured at 4°C In 50 mX sodium phosphate 

buffer, pH 7.5, containing 1 aN dlthlothretlol <DTT). Denaturing 

conditions were 15 min In 4 X GdnHCl for the bakers yeast and rabbit 

muscle enzymes and 40 min In 2 X GdnHCl for the S.poabe enzyme. 

Renaturation at 20°C was Initiated by rapid dilution of the denatured 

enzyme with 50 nX sodium phosphate buffer, pH 7.5, containing 1 mX 

DTT. Rapid conversion from denaturing to renaturlng conditions 

(obtained by dilution) Is known to be Important In limiting Incorrect 

aggregate formation during refolding (Zettlmelssl et al., 1979). In 

these studies the dilution factors ei^loyed were 40 fold for the 

bakers yeast and rabbit muscle enzymes and 10 fold In the case of the

S.poabe enzyme. The residual concentrations of GdnHCl during 

renaturation were therefore 0.1 X and 0.2 X respectively.

At Intervals after the Initiation of renaturation samples of enzyme 

were withdrawn and diluted to a standard concentration of 10 pg ml“’ 

with 50 mX sodium phosphate buffer, pH 7.5, In the case of untreated 

samples, or Into buffer containing proteinase at a final concentration 

of 5 or 20 pg ml“’. Proteolysis was therefore performed at 1 :0 . 5  or 

1:2 w/w (phosphoglycerate mutase: proteinase) respectively. After 

incubation for 1 min at 20°C, a suitable aliquot was removed and
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assayed by the continuous enolase coupled system. As a separate 

control to these experiments, native enzyme, at the appropriate 

renaturlng concentration and In the presence of the residual 

concentration of GdnHCl, was saopled and treated In the same manner 

as the renaturlng enzyme (l.e. untreated and proteinase treatments). 

In all cases the activity of the native enzyme was unaffected by the 

proteinase treatment and/or the presence of the residual concentration 
of GdnHCl.

The resistance of the bakers yeast and rabbit muscle phosphoglycerate 

mutase subunits to proteolysis during the renaturation of these 

enzymes was examined using SDS~PAGE. Following the 1 min proteinase 

"pulse* In the scheme described above, proteinases were removed and/or 

inhibited using the methods described in section 2.2.7. Samples were 

then prepared for SDS-PAGE analysis as described In section 2.2.1.1. 

Control samples of native enzyme In the presence of the residual 

concentration of GdnHCl were processed using identical procedures. In 

all cases there was no evidence of any proteolytic degradation of the 
native enzyme subunit In coiq)arl8on with untreated controls.

^ 2.7. RPiBQYal and Inhibition of protelnagas In sanplee fnr 
SDS-PAGB analysis. • I

^ 2.7,1, Renoval nf trypsin and chynotrypsln.

Trypsin and chymotrypsln were removed from samples for SDS-PAGE 

analysis as the Mr values of their constituent chains would complicate
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the banding pattern resulting iron proteolysis of the bakers yeast and 
rabbit nuscle enzyoes.

Turkey egg white protelnase-lnhlbltor protein was coupled to Sepharose 

4B using the cynogen bronlde activation procedure of March et al. 

(1974) by Dr. I. C. Price. The amount of Inhibitor bound to the gel was 

determined as 2.0 qg ml"^ of packed gel. Following Incubation of the 

renaturlng enzyme with trypsin or chymotrypsln for 1 min, samples were 

mixed with the Immobilized Inhibitor In a ratio 1 2 : 1  v/v (sai^le: 

inhibitor) and centrifuged at 1 , 0 0 0  g for 1 min to pellet Inhibitor 

and bound proteinase. The supernatant was retained and processed for 

SDS-PAGE analysis as described In section 2.2.1.1. Control 

experiments using synthetic peptide substrates to assay trypsin and 

chymotrypsln showed that at least 97% of proteinase activity was 
removed from samples using this procedure.

2̂ 2i7,2j— Inhibition of thermolysln.

Thermolysln was Inhibited In samples for SDS-PAGB analysis by the 

addition of BDTA to a final concentration of 2 mX. BDTA rapidly 

chelates Zn̂ -" Ions essential for the activity of thermolysln and Is 

thus an effective Inhibitor (Glrg et aJ., 1981). Saiq>les were 

processed for SDS-PAGB analysis as described In section 2.2.1.1. It 

was not considered necessary to remove thermolysln from such samples 
since with a Mr of 36,000 this monomeric protein would not Interfere

I '
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with the fragnent pattern resulting iroa the proteolysis of the bakers 
yeast and rabbit nuscle enzyaes (subunit Xr 28,000).

2.2.7.3. Sanyle preparation for SDS-PAGB.

In addition to the reaoval or Inhibition of the protelnases by the 

Methods described above, the process of sangle preparation for SDS- 

PAGE analysis (i.e. rapid boiling in the presence of SDS and 2- 

nercaptoethanol) Is an effective aethod of Inhibiting proteinase 

activity (Price and Stevens, 1982). This process was perforaed 

laaedlately after the procedures described above to Inhibit any 
residual proteinase activity.



CHAPTER THREE ; DENATURATION

AND REFOLDING OF BAKERS YEAST

PHOSPHOGLYCERATE MUTASE

' I
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ri. IITBQDÜCTIQI.

Phosphoglycerate ñútase from bakers yeast Is a tetrameric enzyme of Hr

110,000 comprised of four Identical subunits of Kr 28,000 (Hodwell et 

ai., 1957, Price and Jaenlcke, 1982, Hermann et ai., 1983). The

detailed three dimensional structure (Campbell et aJ., 1974) and the 

complete amino acid sequence (Fotherglll and Harkins, 1982) are 

available and the relationship of this Information to the enzymes 

mechanism of catalytic reaction have been considered In sections

1.1.2. and 1.2.1. A detailed and reproducible purification procedure 

has been developed for this enzyme which seems to produce homogeneous 

material of high specific activity (Price and Jaenlcke, 1982).

i. ! The refolding of the bakers yeast enzyme has been examined In some 

detail by Hermann et aJ. (1983, 1985). These authors used the

glutaraldehyde cross-linking technique to examine the kinetics of 

subunit reassociation following dénaturation in GdnHCl. The kinetics 

of reassociation could be successfully fitted to a model Involving an 

equilibrium between monomers (M) and dimers (D) followed by a 

bimolecular association of dimers to tetramers (T) as indicated;

ki
4M 2D

k-,

with k, = 6.25 X 10® If-' s"', kz = 2.75 x 10^ M-' s“', and k-, = 6 x 

10-3 s-' In 50 mX sodium phosphate buffer, pH 7.5, at 20°C. The

I ,
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tetramerlc bakers yeast enzyae does not dissociate at concentrations 

as low as 5 /ig «1-^ (Price and Jaenlcke, 1982) and so the 2D -» T 

association appears to be irreversible. The reactivation of the bakers 

yeast enzyne was also exanlned under conditions where the refolding 

enzyne was subjected to a "proteinase pulse” with trypsin (5 Bin at 20 
/ig ml"’) prior to assay. This treatsent had no effect on the activity 

of the native enzyme. Using the proteinase pulse procedure the 

reactivation kinetics of the enzyme concurred with the appearance of 

the tetrameric species of reassociation. However, omission of the 

trypsin pulse resulted in a more rapid regain of activity than regain 

of tetramerlc structure. It therefore appeared that folding

intermediates of the bakers yeast enzyme possessed some catalytic 

activity which was sensitive to trypsin. Analysis of the reactivation 

kinetics in the absence of trypsin indicated that they could be fitted 

to the kinetic model of reassociation where the monomers and dimers of 

refolding were assumed to exhibit 35% of the native enzymes activity 

(Hermann et al. , 1983, 1985). The presence of substrates (3- 

phosphoglycerate and 2 ,3-bisphosphoglycerate) during refolding 
increased the rate constants of reassoclatlon, in particular shifting 

the equilibrium between monomer and dimer towards the dimer. The 

kinetics of reactivation were also affected and could only be 

successfully fitted if the dimeric species were assumed to retain

their 35% partial activity in the presence of trypsin (Hermann et al.,
1985).

s .
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structural changes occurring during the refolding of the bakers yeast 

enzyne have been ezanlned using circular dlchrolsn and fluorescence 

(Bernann et si., 1983). The rapid fornatlon of the folded nononers was 

characterised by the appearance of sone 90% of native circular 

dichrolsn with the remaining changes occurring in a slower reaction of 

half time approximately 3 min. Changes In fluorescence were more 

complex with only 2 0% of native fluorescence being recovered in the 

folded monomer. The full native fluorescence was regained In parallel 

with the appearance of dimeric and tetrameric species. The difference 

In fluorescence between the monomeric and dlmerlc/tetramerlc species 

could be related to changes In the environment of aromatic residues 
occurring during subunit association.

The work of Hermann et aJ. (1983, 1985) provides evidence for the

formation of a molten globule state (section 1 .5 .) during the 

refolding of the bakers yeast enzyme. The partial activity of the 

monomeric and dimeric species is sensitive to a trypsin treatment 

which does not affect the native or refolded tetramer. The structure 

of these Intermediates must therefore be more "open" allowing 

proteolysis at normally Inaccessible sites. Addition of substrates 

confers resistance to trypsin on the dimeric species, possibly through 

a process of structural tightening. Spectral analysis of the monomeric 

and dimeric Intermediates also shows that these species do not possess 
the complete native structure.

I
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As with other ollgoaerlc enzynes such as lactate dehydrogenase the 

rate limiting reactions during the refolding of the bakers yeast 

enzyme are the concentration dependent association steps which follow 

the rapid formation of a folded monomer (section 1,7.3.). However, 

unlike lactate dehydrogenase, the bakers yeast enzyme does not seem to 
be susceptible to the formation of wrong aggregates at the refolding 
concentrations studied. Hermann et al. (1983, 1985) showed almost

complete reactivation at concentrations of 40 pg ml“’. Incomplete 

reactivation at lower concentrations was related to the instability of 

refolding intermediates over the long periods required for association 
rather than the formation of aggregates.

In order to extend the studies reviewed above the dénaturation and 

refolding of the bakers yeast enzyme were examined in more detail. The 

dénaturation by GdnHCl was monitored as loss of catalytic activity 

and through changes in protein fluorescence and circular dlchroism. 

Reactivation of the enzyme during refolding was examined in the 

presence and absence of a proteinase pulse prior to assay. Protelnases 

used in these studies were selected from preliminary inactivation 
experiments on the native enzyme. Through the use of a number of 

different proteinases during the pulse it was hoped that compact 

proteinase-resistant fragments of structure might be isolated at 

various stages during refolding. These fragments might represent 

compact folding domains similar to those generated by thermolysln 

treatment of lactate dehydrogenase during refolding (section 1 .7 .3 .). 

Isolation of these fragments might allow the study of reassociation
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reactions to reforn nononerlc and dlnerlc Interaediates of 

renaturation. In addition, even United sequence analysis of these 

fragments would allow their location, size and structure within the 

native enzyme to be determined. Such information could therefore 

indicate specific Interactions between polypeptide sequences during 
the refolding of the enzyme.



rg. METHODS.

3.2.1. ISQlatlQn of phosphoylyc^rate ñútase from S. nf̂ rvi

Phosphoglycerate ñútase was isolated iron fresh bakers yeast 

essentially by Price and Jaenicke's (1982) nodlficatlon of the method 
of de la Korena et al. (1968). Unless otherwise stated all operations 

were performed at 4°C and a standard 50 mX sodium phosphate buffer, pH
7.5, was used throughout.

II

Fresh bakers yeast was lysed by mixing with 1 M (270 ml 1 X

IIUOH/455 g wet weight yeast) and stirring slowly at room teii5>erature 

for 18-20 h. To the above quantity of lysate was added 250 ml 

distilled water, 180 g (IiIU)2SO.t and 16 ml 0,5 X Xa.*EDTA. After these 

salts had dissolved the extract was heated to 70 ± 1°C for 5 min with 

continued stirring and subsequently cooled on ice to ( 30°C. Denatured 

protein and cell debris were precipitated by centrifugation at

22,000 s for 20 min and discarded. To each 100 ml of supernatant fluid 

(Fraction I) was added 30 g of (IIU)2S0*. After stirring for 30 min 

Fraction I was centrifuged at 27,000 g for 2 0 min and the supernatant 

discarded. The precipitate was re-dissolved in 100 ml of buffer to 

give Fraction II. Fraction II was cooled in a dry Ice/ethanol bath to 

20°C and rapidly mixed with an equal volume of acetone cooled to 

“20°C. After standing for a few minutes the bulk of the supernatant 

was discarded and the remaining mixture centrifuged at 27,000^“ for 20  

■in. The resultant supernatant was discarded and the precipitate ’ I
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tho roughly re-suspended in 40 b 1 of buffer using a Potter 

honogeniser. After centrifuging the re-suspended material at 27,000g' 

for 20 min the supernatant containing re-extracted protein was 

retained. The precipitate was re-suspended in a further 40 ml of 

buffer and a supernatant again recovered by centrifugation at 27,000g“ 

for 20 min. When pooled, the two re-extractions yielded Fraction III 

which was dialysed against 4 litres of buffer overnight.

To dialysed Fraction III solid (IHa >2S0a was added to produce 58X 

saturation. After stirring for 30 min and centrifugation at 27,000g“ 

for 20 min the resultant supernatant was retained. Solid (1 H4 )2S0.« was 

added to produce 70X saturation and after stirring and centrifugation 

the protein precipitate was retained. This precipitate was then "re- 

extracted" into a series of 6 ml aliquots of decreasing <511^)2 8 0  ̂

saturations. The solutions employed were of 66.7, 63.3, 60, 56.7,

53.3, and 50% saturation yielding fractions A-F respectively. The 

66.7% solution was added to the retained precipitate, mixed and 

allowed to stand for 30 min. Centrifugation at 30,000g* for 20 min then 

yielded a supernatant (Fraction A) and a precipitate. The next lower 

percentage saturation solution was added to this precipitate and the 

process repeated. Fractions A-F were assayed for activity and protein 

and the fraction containing the greatest number of units and/or the 

highest specific activity was dialysed against 10 mM Trls-HCl buffer, 
pH 8.0, overnight.

H !
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Two procedures were enployed in the further purification of the re­

extracted enzyne preparation. In the first procedure the dialysed 

fraction was applied to a DBAB-cellulose colum ( 1 2  c b x 3 . 8  cm*) 

equilibrated against 10 bN Trls-HCl buffer, pH 8 . 0. After washing with 

this buffer to remove unbound protein, phosphoglycerate mutase was 
eluted using a linear gradient formed between 10 mX Trls-HCl buffer, 

pH 8.0, and the same buffer containing 0.2 M laCl. Phosphoglycerate 

Butase activity emerged as a single peak and fractions containing more 

than 10% of the units applied were pooled. The enzyme was concentrated 

by (IB*)2S0a precipitation to 95% saturation. The resultant 

precipitate was redlssolved in a small volume of sodium phosphate 

buffer and dialysed against the same buffer overnight. The dialysed 

enzyne was then applied to a Sephacryl S-300 column and the activity 

eluted with sodium phosphate buffer. Fractions were pooled and the 
enzyme concentrated as with the DBAB-cellulose step.

After some problems in the reproducibility of the ion exchange step a 

second protocol was devised using a Cibacron Blue F3GA-sepharose 

column. The dialysed fraction following re-extraction was applied to a 

Cibacron Blue F3GA-sepharose column (5 cm x 4 . 9  cm*) equilibrated 
against 10 bK Tris-HCl buffer, pH 8.0. After washing with this buffer 

to remove unbound protein a 30 ml wash of 1 mX AMP was applied to 

elute proteins requiring this cofactor (probably kinases or 

dehydrogenases). After another 30 ml wash with buffer a 30 ml pulse of 

1 fflX 2,3-bisphosphoglycerate was applied to elute bound phospho­

glycerate mutase. The AXP and 2,3-blsphosphoglycerate solutions were
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prepared In 10 nX Trls-HCl buffer, pH 8.0, and their pH re-adJusted to

8.0 with dilute HCl. Phosphoglycerate nutase activity eiaerged as a 

single peak and fractions containing more than 1 0% of the units 

applied were pooled and the enzyme concentrated as with the DBAE- 
cellulose step.

The phosphoglycerate imitase prepared by both methods was stored at 4°C 

in 50 mM sodium phosphate buffer, pH 7.5, to which solid (IH.*>2SO.* was 

added to 95% saturation. Prior to use the enzyme preparation was 
dialysed against > 500 volumes of appropriate buffer.

3.2.2. DenaturatiQn of bakers yeast phosphoglycerate mutase by GdnHm

Loss of catalytic activity, changes In fluorescence and changes In 

circular dlchrolsm observed In the presence of GdnHCl were monitored 
as described In section 2 .2 .4 .

^ 2 .3 . f?usceptlblllty of native bakers yeast phosphoglyceratp wii-huga 
to protêtnafipg.

Inactivation and proteolytic degradation of the native bakers yeast 

enzyme was examined using six proteinases. Hative enzyme, at a 

concentration of 400 pg ml-\ was incubated In 50 mX sodium phosphate 
I>uffer, pH 7.5, at 20°C In the presence of the following proteinases; 

trypsin (40 pg ml-M, chymotrypsln <40 pg ml"’), thermolysin <40 pg 

>. elastase <20 pg ml-M, subtillsln <10 pg ml“’) and proteinase K ; I

! Î
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(10 fig ni ’>. Saiq}les taken after up to 300 nln Incubation were 

I assayed for activity and analysed for proteolytic degradation by SDS- 
PAGE.

Preliminary investigation with all protelnases at 40 fig ml“' indicated 

a wide range of susceptibilities and the above concentrations were 
selected as a result of these initial studies such that a general 
graduated response was achieved over the incubation period.

3*214i BenaturatlQII of bakers yeast phoephoglycerate mitase.

Renaturation of the bakers yeast enzyme was examined as described in 

section 2 .2 .6 . Reactivation was assessed in the presence and absence 

of proteinases. Resistance of the enzyme subunit structure during 

renaturation to the proteinases trypsin, chymotrypsin and thermolysin 

was assessed using SDS-PAGE. These proteinases were selected on the 

basis of their effects on the activity of the native enzyme determined 
as described in section 3 .2 .3 .
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■ra. RESULTS AID DISCÜSSIO¥.

3.3.1. laolatlon and characterisation of bakers yeast phosphoglycerate

autase.

Details of a typical purification of phosphoglycerate nutase fron 

250 g of fresh bakers yeast by the methods described in section 3.2.1. 

are given in Table 2. The specific activity of the purified enzyme was 

generally 7-8000 units lag-' equating to 805-920 pmole 3- 

phosphoglycerate metabolised min-’ protein-’ (section 2 .2 .3 .1 ). 

This value is slightly lower than that reported by Price and Jaenicke 

(1982). However, analysis of the enzyme preparation by SDS-PAGE 

indicated > 90% homogeneity of staining with Cooma s ^  blue R250. The 

Xr of the enzyme subunit was 28,000 ± 1400 and that of the only 

contaminant protein 30,000 ± 1500 (Plate 1). Similar results in terms 

of specific activity and SDS-PAGE profile were obtained following 

either the DEAE-cellulose, Sephacryl S-300 stages or the Clbacron Blue 

F3GA-sepharose affinity step in the purification protocol (section

3.2.1. ). The co-purification of the contaminant protein under native 

conditions following Sephacryl S-300 gel filtration indicates that 

this protein may be oligomeric since its Mr is similar to that 

reported for native phosphoglycerate mutase (110,000; Price and 

Jaenicke, 1982). Further extensive investigation of purification 

conditions, including the use of additional lAD^, ATP, and laCl washes 

during the Clbacron Blue affinity stage, did not reiBove or reduce the 
level of this protein from the enzyme preparation. In view of the low

: (
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FRACTION UNITS TOTAL
PROTEIN
(mg)

SPECIFIC 
ACTIVITy_^ 
(units mg”"̂)

YIEU)
(%)

PURIFICATION
(fold)

I* 1,314,500 2115 622 100 1
II 897,000 1339 670 68 1.1
III 634,300 774 820 48 1.3
A+ 300 2.7 110
B 11,400 52 220
C 48,000 60 800
D 100,500 87 1155
E 339,500 191 1780 26 2.9
F 85,500 126 680
POOLED BLUE+
SEPHAROSE
FRACTICMiS

164,500 21 7830 12.5 12.6

Table 2. Purification of phosphoglycerate mutase from 250 g of fresh baker's yeast.

* Fraction I represents partially purified material following heat 
treatment in the presence of (NĤ *)2S0̂  and NaijEDTA.

t Fractions A-F were re-extracted from a 58-70% (NHi*)2S0u precipitate of fraction III.
+ Following fractionation of fraction E by Cibacron blue F3GA 
sepharose affinity chranatography.





level of the 30,000 Kr protein «  10») It was considered an acceptable 
contaminant to the phosphoglycerate mutase enzyme preparation.

The Mr of the native enzyme was determined by gel filtration using 

Sephacryl S-300 as 110,000 ± 11,000. Details of the operation and 
calibration of this system are described in section 2.2.1.2. 

This value, and that for the subunit Mr following SDS-PAGE, are 

comparable with those reported previously (Bdelhoch et ai., 1957, Ray 

and Peck, 1972, Price and Jaenlcke, 1982, Hermann et ai., 1983) and 

confirm that the phosphoglycerate mutase from bakers yeast is a 
tetramer of Mr approximately 110,000.

The Km of the enzyme in 30 mM Tris-HCl buffer, pH 7.0, and in the 

presence of 10 mM grade 1 3-phosphoglycerate for the cofactor 2,3- 

blsphosphoglycerate was determined at 30°C as 14 ± 1 pM. This value 

lies within the range <0.8-300 pM) reported for the enzyme under 

varying conditions of buffer and substrate concentration (Grisolia and 

Carreras, 1975). In the absence of added 2,3-bisphosphoglycerate the 
enzyme still exhibited approximately 2« of maximal activity. This 

level is explicable in terms of the trace amounts of co-factor present 

In the grade 1 3-phosphoglycerate used (Boehringer quote the 
contamination as < 0.005» which equates to < 0.5 pM from 10 mN 3- 

phosphoglycerate). This residual concentration of co-factor was 

included in the determination and calculation of the Km for the bakers 
yeast enzyme and other mutases examined.

 ̂ :
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3,3.2. PaaatiiratlQn Oi bakers yaast phosphoglycerate mitase by GdnHCl.

3.3.2.1. Loss of catalytic activity.

The activity of the bakers yeast enzyme in the presence of GdnHCl is 

shovm in Fig. 12. Evidently, there is a progressive decline in 

activity over the concentration range of approximately 0-1.5 M GdnHCl 
with 50% inactivation occurring at 0.65 M.

3.3.2.2. Changes in f luorescence.

The fluorescence emission spectra of the bakers yeast enzyme in the 

presence and absence of 4 M GdnHCl are shown in Fig. 13. The X max of 

the native enzyme is 328 nm. In the presence of 4 M GdnHCl there is a 

strong red shift to a X max of 348 nm with the fluorescence intensity 

at 328 nm reduced to one third. There was no difference in the 

spectrum of the bakers yeast enzyme in the presence of 2 or 4 M GdnHCl 

indicating that the GdnHCl Induced changes in fluorescence were 
complete following Incubation at the lower concentration.

The shape and X laax of the fluorescence spectra in Fig. 13 are in 

close agreement with those reported by Hermann et al. (1983) for the 

bakers yeast enzyme in the presence and absence of 4 M GdnHCl. The X 

nax of the spectrum in the presence of 4M GdnHCl is characteristic of 

highly solvent exposed aromatic residues such as occur in denatured 

proteins (Teipel and Koshland, 1971). Hermann et al, (1983) have
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Fig 12 Activity of baker's yeast phosphoglycerate mutase in the presence of GdnHCl. ^

““ 3-phospho,lycerate),
conalltl mM2,3-blsphosphoglycerate) and the indicated
glycerat^foL^tl ^ of 1 ml. 2-phospho-formation was measured over a 3 min period and activity

containing no L a c i  (snctio^ ^
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Figure 13. Fluorescence spectra of baker’s yeast phosphoglyoerate 
mutase in the presence cind cüasence of 4 M GdnHCl,

^ker's yeast phosphoglycerate mutase (10 pg ml“ )̂ at 20°C. The 
^uorescence excitation was at 29o nm and the emission monitored 

300 and 400 nm. Instrximent sensitivity was X lo.
W  , enzyme in 50 mM sodium phosphate buffer, pH 7.5;

O  r enzyme in the presence of 4 M GdnHCl.



reported that the bakers yeast enzyme Is completely dissociated into 

subunits In the presence of 4 K GdnHCl. The fluorescence spectra of 

the enzyme under these conditions (Fig. 13 and Hermann et al, , 1983) 

thus indicate that the dissociation of the subunits is accompanied by 
greatly increased exposure of aromatic residues presumably as a result 
of subunit dissociation and unfolding.

The fluorescence emission of the bakers yeast enzyme at 325 nm as a 

function of GdnHCl at intermediate concentrations between 0 and 2 K is 
shown in Fig. 14. There is an initial small increase in fluorescence 

intensity at concentrations up to 1 M GdnHCl followed by a rapid 

decline between 1 and 1.2 M to a value approximately one quarter that 

of the native enzyme. The mid-point of this transition is 1. 1 M 

GdnHCl. There was no further change in fluorescence intensity when the 

GdnHCl concentration was increased to 2 or 4 M. Changes in the X max 

of the enzyme occurred at similar concentrations to the reduction in 
intensity with the red shift from 328 to 348 nm produced between 1 and

1-5 M GdnHCl. The reasons for the initial increase in fluorescence 

intensity, which is accompanied by a small shift of X max from 328 to 

330nm, are unclear. However, this increase must reflect some change in 
the environment of the enzymes aromatic amino acid residues as a 

result of structural perturbation. Acidic groups are known to quench 

tryptophan fluorescence and it is thus possible that removal of such a 

group from the environment of a tryptophan residue could produce an 
increase in fluorescence intensity.

I S ’
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Figure 14. Fluorescence of baker's yeast phosphoglycerate mutase in 
the presence of GdnHCl.

Fluorescence was recorded in 50 mM sodium phosphate buffer pH 7.5, at 
. The excitation and emission wavelengths were 290 and 325 nm 

respectively and the change in fluorescence emission is e>q>ressed
e L « t r  change between O and 2 M GdnHCl. Fluorescence
mission in the presence of 2 M GdnHCl was approximately one quarter 
mat of the native enzyme (Fig. 13) .

11
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3.3.2.3. Changes In circular dlahmifi«

The circular dlchrolsm spectra of the bakers yeast enzyme In the 

presence and absence of 4 M GdnHCl are shown In Fig. 15. The spectrum 

of the native enzyme shows a negative elllptlclty over the wavelength 

range 205-250 nm characteristic of a a-hellcal structure in proteins. 

Comparison of this spectrum with that reported by Hermann et al. 

(1983) using the same buffer and conditions indicates close agreement 

between the two spectra. Any difference between the values of 

ellipticlty may be explicable In Hermann et ai.'s use of 115 as mean

residue weight compared with 110 used in the calculation of the data 
shown in Fig. 15.

Using the reference values for the elllptlclty of pure helix at 208 

and 225 nm quoted by Chen et al, (1974) the helical content of the 

native bakers yeast enzyme may be calculated as 21 ± 4%, This estimate 

is in close agreement with that quoted by Hermann et al. (1983) (a 

value of 20 ± 5%) and Is accordance with earlier optical rotatory 

dispersion measurements (Suglmoto et al., 1966) In Indicating that the 

bakers yeast enzyme has a relatively low helical content. Comparison 

of these values with that which may be calculated from the X-ray 

structure of the enzyme (28.6% from the model of Cai^bell et aJ., 

1974) indicates that the spectral methods are consistently 

underestimating the percentage helical cojqxment. The reason for this 
discrepancy could lie In the positive contribution of p-turns to the 

elllptlclty of proteins over the wavelength range 200-240 nm (Chang et
I !
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Figure 15. Circular dichroism spectra of baker's yeast phosphoglycerate 

mutase in the presence and cibsence of 4 M GdnHCl.

Enzyme in 50 mM sodium phosphate buffer, pH 7.5, at 20°C in the presence 
' O  ) and absence ( 0 ) of 4 M GdnHCl.



al., 1978). Since a circular dlchrolsm spectrum represents the sum of 

the spectra of the proteins structural elements then the presence of
m

high niters of ^-turns could reduce the observed negative elllpticlty 

contributed by the a-helical component. In addition, any comparison 

between circular dlchroism and X-ray structure data Is based on the
assumption that a proteins structure is Identical in crystals and In 
solution.

The spectrum of the bakers yeast enzyme in the presence of 4 M GdnHCl

shows a reduction in elliptlclty (l.e; becoming less negative) over

the wavelength range studied. This spectrum is similar to that

reported by Hermann et aJ. <1983) for their enzyme in the presence of

4 K GdnHCl. Both spectra are similar to that of un-ordered or random

structure in proteins (Chang et al., 1978). In the presence of 2 M

GdnHCl there appeared to be some helical structure remaining in the

bakers yeast enzyme (spectrum not shovm). Under these conditions the

change in between 0 and 4 M GdnHCl is only 85% complete. This
fact reflects the relative resistance of a-hellcal structure to

perturbation and it is presumably the disruption of this component

bich is one of the final events in the dénaturation of the bakers 
yeast enzyme.

I
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3.3-..iL— SusCfiPtibllltY of native bakers yeast phosphoglycerate anjtase 
to protelPAses.

The effects of trypsin, Chymotrypsin, thermolysln, elastase,

subtllisln, and proteinase K on the activity of the native bakers 

yeast enzyme are shown In Fig. 16. All six protelnases caused 

inactivation of the enzyme although at markedly differing rates. The 

native enzyme was relatively resistant to trypsin, Chymotrypsin and 
thernolysln with ( 10% activity lost after 5 min Incubation. In

contrast, elastase produced 50% Inactivation and subtllisln and 

proteinase K produced 65% inactivation over the same time period. In 

addition, the latter two protelnases were present at only one quarter 

the concentration of trypsin, Chymotrypsin and thermolysln. 

Progressively greater inactivation was observed with Increasing

periods of incubation with very similar effects being produced by

trypsin and Chymotrypsin and by subtilisln and proteinase K. In the 

case of thermolysln and elastase the Initial rapid Inactivation over 

the first 30 min to approximately 30% of control activity was followed 

by much slower changes with approximately 25% activity remaining after 

300 min. The reasons for the apparent blphaslc effect of these

proteinases on the activity of the bakers yeast enzyme are unclear. 

However, this data does suggest that a proportion of the enzyme

activity and/or a proportion of the enzyme species Is/are more 
resistant to the effects of elastase and thermolysln.
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The effect of the protelnasee on the structural Integrity of the 

bakers yeast enzyne was deternlned using SDS-PAGB. With the 

proteinases trypsin, chynotrypsin, subtilisin and proteinase K the 

rates of loss of Intact enzyme subunit were generally correlated with 

the losses in activity shown in Fig. 16. In contrast, treatment with 

thermolysln and elastase resulted in minimal apparent degradation of 
the enzyme subunit. However, there was evidence in these cases of 

conversion of the subunit to a form of slightly lower Mr concomitant 

with the observed inactivation of the enzyme with these proteinases. 

These findings could indicate that Inactivation of the enzyme occurs 

following the cleavage of a small number of amino acids from one end 

of the polypeptide chain (9 amino acids would produce the observed 

decrease in Mr of approximately 1000). A highly suitable site for this 

proposed cleavage exists in the C-terminal tall of the bakers yeast 

enzyme (Vinn et al., 1981). This tail is susceptible to removal by 

endogenous proteinases and is essential for activity (Sasaki et al., 

1966). Furthermore, since this tall does not appear in the electron 

density map of the enzyme (Vinn et al., 1981) the residues of this 

flexible region would be particularly exposed to proteolytic attack. 
The tail sequence is reported t o b e : -

Gly-Ala-Ala-Val-Ala-Asn-Gln-Lys-Lys-Gly-CCXDH I ‘

and thus contains suitable sites for cleavage by both thermolysl 
elastase.

n and
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A similar pattern of inactivation vrlthout subunit degradation has been 

reported for rabbit muscle phosphoglycerate nutase using thernolysln 

(Price et al., 1985a). These authors have shown that inactivation is 
accompanied by the loss of approximately 1000 in subunit Mr but that 

the native enzyme conformation, as assessed by circular dichrolsm and 

affinity ligand binding, Is maintained. These observations could also 

be explained by the cleavage of a small tall essential for activity 

from one end of the rabbit muscle enzyme amino acid chain. However, 

without the sequence and X-ray diffraction structure of this enzyme 
the presence of such a tall is a matter of speculation.

3.3.4. Renaturatloa of haters veast phosphogiyrerate mutagA.

3x3.4.!. ReactlvatlQTl in the absence of proteínas^«.

The reactivation of the bakers yeast enzyme at concentrations of 10, 
30, and 50 pg ml“  ̂ in the absence of protelnases Is shown In Fig. 17. 

At Intervals after Initiation of renaturation the enzyme was diluted 

to a standard concentration of 10 pg ml-' and Incubated for 1 min at 

20 C prior to assay. This process allowed the Inclusion of a 1 min 

proteinase pulse in subsequent studies. The full lines In Fig. 17 

calculated according to the kinetic model of reassociation 
determined by Hermann et al. (1983, 1985) from their extensive 

®lnatlon of this process using the glutaraldehyde cross-linking 
technique (section 3.1.). In calculation of these reactivation

profiles the monomeric and dimeric Intermediates of reassociation were
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Fig 18a-c. Renaturing baker's yeast phosphoglycerate mutase was 
aiiuted to a standard concentration of lo uq at

indicated times and incubated for 1 min at 20°c prior
20 " r m ï - l ;  P-oteinases at
□  , thet.olysIn.^.ie'‘full^lines ;ere"^l1^:t:daccording to the kinetic model of Hermann et al. (1983, 

medí assuming both the monomeric and dimeric inter-
{ ine (b)) of the native enzyme activity. The reacti­
vation data in the absence of proteinases is included at 
ach concentration for comparison ( ^  )







absence of protelnases. This effect relates only to renaturlng 

activity since the activity of the native enzyse. In the presence or 

absence of the residual concentration of GdnHCl <0.1 K> during 

renaturation, was unaffected by the proteinase pulse. Therefore, the 

observed reduction In reactivation and the accordance of this data 
with line <b) Indicates that the partial activity of the monomeric and 

dlaerlc Intermediates of reassoclatlon Is highly sensitive to the 

three protelnases examined. The activity of the tetramer formed during

reassoclatlon (and the native enzyme) are not affected by the
protelnases.

Hermann et aJ. (1983. 1985) have reported a similar observation using 

a 5 min 20 pg ml-' trypsin pulse during reactivation of the bakers 

yeast enzyme. These authors examined the period of their trypsin pulse 

and detected the same effect using between 1 and 20 min. The data In

Fig. 18a-c, where 1 min was used, concur with their finding at the 
shortest time period.

The confirmation of Hermann et ai.'s observations and their extension 
to Include other protelnases of differing bond specificity Indicates 

tint the partially active Intermediates of reassoclatlon must have a 

relatively open structure with large numbers of bonds accessible to 

nttack. Subsequent association of the monomeric and/or dimeric 

intermediates In combination with structural rearrangements of subunit 
structure must occur such that these sites are thereby rendered less 

ocesslble. Finally, in the tetramer the association and tightening of

¡1 ;
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structure confer the native enzynes coiçlete resistance to the 

protelnases. Circular dlchrolsn neasurenents on renaturlng bakers 

yeast phosphoglycerate nutase have shown that the folded nonoser 
possesses approxlnately 85» of the elllptlclty of the native enzyne 

(Heriann et al.. 1983). This species Is formed within 30 s of 

renaturation. However, the final regain of native elllptlclty occurs 

In a slower phase of half time approximately 3 min at a renaturlng 

concentration of 40 pg ml-. These slower changes could represent the 
structural rearrangements that confer proteinase resistance.

The reactivation profiles following a 5 pg ml- proteinase pulse are 

shown in Fig. 19a-c. Although the effects considered above are less 

narked at the lower proteinase concentration there Is still evidence 

for a reduction In activity regained relative to untreated controls. 
The relative speed with which the structural changes occur during 

renaturation may prevent all accessible sites from being attacked at 

the lower proteinase concentration and thereby allow some activity of 
lonomeric and dlnerlc intermediates to remain.

It would be of interest to extend these proteinase pulse studies to 

Include other protelnases of further differing bond specificities to 

«»phaslze the "openess" of the Intermediate structures. It might also 

possible to select a proteinase that had no effect on the activity 

of the intermediates of renaturation. By comparison of this 

se s bond specificity with the amino acid sequence (Fotherglll 
»■><1 Harkins. 1982) It might be possible to predict areas of the enzyme

li I
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which rapidly become Inaccessible to proteolytic attack at the stage 

of formation of the folded monomer.

The inclusion of trypsin In the assay of renaturing enzymes was first 

reported by Chan et al. (1973) in their studies on the oligomeric 

enzyme aldolase. In this case trypsin was included with the intention 

of preventing enzyme folding and association during the time course of 

the activity assay. This technique is valid where the formation of 

native quaternary structure is required for the expression of 

catalytic activity. However, in cases where intermediate species 
formed during renaturation may be fully or partially active, the use 

of proteinases prior to or during assay produces results that require 

careful interpretation. Although, it is the general rule in oligomeric 

enzymes that only the native structure is active e.g. alcohol, malate, 

lactate and glyceraldehyde-3-phosphate dehydrogenases, trióse 

phosphate isomerase, fumarase (Yamoto andWcirachi, 1979, Jaenicke.

i-984) there is evidence in creatine kinase (Grossman et al., 1981) 

aldolase (Rudolph et al., 1977c) and bakers yeast phosphoglycerate
mutase (Hermann et al., 1985) that the intermediates of renaturation 

be at least partially active. The use of trypsin and other 

proteinases reported here have confirmed this observation for the 
bakers yeast enzyme. . 1

! I

82



3i3i 4t.iL----Resi stance--- o£---subunit-- structure tn protelr>ag<ai:̂  during
renaturation

Proteinase pulse techniques can be used to reveal areas of highly 

folded and compact proteinase resistant structure formed during 

renaturation. The "fragments- of native structure remaining after 

proteolysis of unfolded material may correspond to folding domains 

(Opitz et al., 1987). In the case of bakers yeast phosphoglycerate 

Butase isolation of such fragments In sufficient quantity for limited 

sequence analysis would allow the location of these domains within the 

amino acid sequence and three dimensional structure of the enzyme. 

Using this technique It was hoped that specific events In the 

renaturation of the bakers yeast enzyme could be determined and 

related to the folding of the monomer and subsequent stages of subunit 

association and tightening of structure defined here and by Hermann et 
ai. (1983, 1985).

Protéinases were inhibited and/or removed from the assay mix following 

the proteinase pulse as described in section 2.2.7. The formation of 

lûtact subunit was determined by SDS-PAGE followed by densitometrlc 

analysis and compared with control native enzyme treated as in the 

renaturlng samples. The percentage of Intact subunit relative to this 

control Is shown in Fig. 20. The full line was calculated according to 

the model of Hermann et al. <1983, 1985) and by assuming the monomeric 

and dimeric intermediates of renaturation to exhibit no activity in 

the presence of the three protelnases (section 3.3.4,2.). Fig. 20
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Figure 20. Resistance of baker's yeast phosphoglycerate mutase 
subunit structure to proteolysis during renaturation at 30 yg ral~ .

The percentage of intact subunit remaining was assessed following 
SDS-PAGE and densitométrie analysis and by comparison with proteinase 
treated native controls. Proteolysis for 1 min at 20°C was 
performed with renaturing phosphoglycerate nutase diluted to a 
concentration of 10 yg ml“̂  and the following proteinases at a 
concentration of 20 yg ml"} 0  , trypsin; Q
Chymotrypsin; Q] , thermolysin. The full line represents 
the predicted tetramer formation calculated according to the model of Hermann et al. (1983, 1985).
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shows that there Is extensive degradation of the subunit particularly 

at early tine points during renaturation. However, there Is still nore 

undigested subunit renainlng than predicted from the fornation of 

proteinase resistant tetraner (represented by the full line). This 
difference could reflect a greater degree of experlnental error In 

these neasurenents In conparlson with the reassociation and 

reactivation data. However, It is also possible that Inactivation of 

the mononeric, dinerlc and tetraneric species occurs as a result of 

the cleavage of a snail nunber of anlno acids fron one end of the 

amino acid chain. The resultant inactive species would not necessarily 

be resolved fron native subunit under SDS-PAGE conditions. A slnllar 

effect has been proposed for the Inactivation of the native bakers 

yeast enzyne by thernolysin and elastase (section 3.3.3.) and has been 

reported for rabbit nuscle phosphoglycerate ñútase when treated with 

thermolysln (Price et al., 1985a). The presence of the C-terninal tall

of the bakers yeast enzyne as a candidate for this cleavage has been 
discussed in section 3.3.3.

Tbe difference between the observed and predicted subunit renainlng 

following proteolysis could be reduced by Increasing the concentration 

of proteinase during the pulse. For exanple. Increasing the 

thermolysin concentration to 80 pg nl"’ reduced the percentage Intact 
subunit renainlng to 20% and 65% after 0.25 and 15 nln of renaturation 

respectively. These values were 32% and 78% following the 20 pg nl"’ 

pulse. Concentrations of thernolysin between 80 and 20 pg ml"’ 

produced an Intermediate effect between these two sets of values.
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All the gsls In the above series of experiments were examined 

carefully for the presence of any subunit fragments of Mr > 6500. In 

the case of trypsin and chymotrypsln there was no evidence of such 

fragments either under Coomassle blue R250 or silver staining. 

However, in the case of thermolysln there was evidence of fragments 

with Mr values between 12 and 15,000. The quantity of these species 

decreased with Increasing periods of renaturation and in parallel with 

the increasing quantity of undigested subunit remaining. The 12-15,000 

Kr species were absent from proteinase only, native enzyme only and 

native enzyme treated with thermolysln control samples and were thus 

presumably the result of partial digestion of the intermediates of 

renaturation (Plate 2). Unfortunately, the staining of these fragments 
under Coomassle blue R250 indicated quantities of ( 5% that of the 

native enzyme control. Fig. 20 indicates that if the production of 

these fragments were the sole proteolytic event then quantities of > 

50X of the native enzyme control would be predicted. It seems likely 

therefore that the majority of these species were further digested to 
fragments of Mr less than 6500.

As a result of these observations a range of lower thermolysln 

concentrations between 20 and 0.25 pg ml“’ were used during the 

proteinase pulse. However, the effect of this reduction was to 

increase the amount of undigested subunit remaining <8011 after 0.25 

»in renaturation when treated at 0.25 pg ml~M without increasing the 

y Id of intact 12-15,000 Mr fragments. Further variations of the 

thermolysin pulse concentration and/or lowering the temperature of

I !
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P la te  2, Resistance of baker's yeast phosphoglycerate mutase sub- 
structure to thermolysin during renaturation at30 yg

Proteolysis for 1 min at 2QOc was performed with samples of 
renaturing enzyme diluted to a concentration of 10 yg ml“  ̂with 
ermolysin at 20 y g ml“ .̂ Lanes 1-7 represent samples taken

0.5, 1, 2, 5, 30 and 60 min renaturation respectively, 
® represents native enzyme incubated with therroolysin \inder 
® conditions. Lane 9 represents thermolysin. The Mr

caie determined from standard proteins is shown on the right
2.2.1.1.). The gel was stained with silver according 

the method of Wray et (1981) and the possible reasons for 
negative staining of some proteins (e.g. thermolysin) 

ave been discussed by Morrissey (1981).



renaturation and proteolysis (to slow down the relevant reassociation 

and proteolytic events) might have produced conditions that favoured 

the production of these fragments. However, In view of the low yields 

observed above and the constraints of time available, these 
possibilities were not pursued.

The production of the 12-15,000 Mr fragments by thermolysln suggested 
that the subunit was being cleaved at or near the centre of Its 

length. The amino acid sequence of the bakers yeast enzyme contains a 

suitable tetraprollne cleavage site at the midpoint (119-122) of the 

chain of 241 amino acids (Fothergill and Harkins, 1982). Since the 

initial folding events of polypeptide chains are thought to Involve 

the formation of structural elements such as a-hellces (Jaenlcke, 

1982) which cannot accommodate proline residues (Chou and Fasman, 

1978), it seems possible that this tetraprollne sequence and Its 

adjacent residues might remain exposed for relatively long periods 

during renaturation. The separate folding of the two halves of the 

subunit chain around this prollne sequence would produce compact and 

folded units which, on cleavage near the prollne site, would produce 

fragments of Mr approximately 14,000. These folded units, under 

suitable conditions, might be sufficiently resistant to further 

degradation by thermolysln and would therefore appear as the putative 
fragments in Plate 2.

A similar pattern of subunit cleavage during renaturation has been 

reported for porcine muscle lactate dehydrogenase (section 1.7.3.).
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Treatment of this enzyme with thermolysln after 1 min of renaturation 

produces proteolytic dimers which are Incapable of association to the 

native tetramerlc configuration. Analysis of these dimers Indicate 

that the subunit polypeptide chains are -nicked* and three subunit 

fragments of Kr 33.500, 21,400 and 13,500 are detectable. These
fragments represent compact folded units which are capable of 

reassociation and reactivation to the partial activity of the 

proteolytic dimers following dénaturation In OdnHCl (Opltz et aj., 
1987). It has been proposed that these fragments represent domains 

which fold and associate Independently. Such processes are therefore 
considered evidence for In vivo ootranslatlonal folding by parts.

Although the cleavage pattern of the bakers yeast enzyme Is similar, 

the folded units produced by thermolysln treatment differ from the 
lactate dehydrogenase fragments because they are not resistant to 

further degradation by the proteinase. These folded units must 

therefore be relatively structured but probably not compact enough to 
1« referred to as true domains.
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CHAPTER FOUR : DENATURATION

AND REFOLDING OF RABBIT MUSCLE

PHOSPHOGLYCERATE MUTASE

‘ t



A l IHTRQDÜCTIQH.

Phosphoglycerate ñútase fron rabbit nuscle Is a dimeric enzyme of Mr

56,000 comprised of two subunits of Mr 28,000 (Plzer, 1960, Hermann et 

al., 1983). The purified enzyme is available from a number of 

commercial sources and therefore represents a convenient enzyme to 
include in studies of phosphoglycerate mutases. The rabbit muscle 
enzyme seems to have a similar catalytic mechanism to bakers yeast 

phosphoglycerate mutase. The isomerization reaction in both enzymes 

proceeds via a phosphohlstldlne intermediate and the sequences around 

the two active site histidines of the bakers yeast enzyme have 

considerable homology to two histidine containing peptides in the 

rabbit muscle enzyme (Haggarty and Fotherglll, 1980). In view of this 

documented structural and mechanistic similarity it was considered of 

interest to further examine the relationships between the bakers yeast 
and rabbit muscle enzymes. The relatedness of the two enzymes was 

assessed using peptide mapping techniques and through comparisons 
between their amino acid compositions.

Preliminary studies by Hermann et al. (1983) on the refolding of 

rabbit muscle phosphoglycerate mutase had encountered some problems. 
These authors were unable to study the reassociation kinetics of this 

enzyme using the gluUraldehyde cross-linking technique since they 

were unable to obtain quantitative fixation in the dimeric state. In 

addition, reactivation of the rabbit muscle enzyme at concentrations 

above 5 pg mi-i „as complicated by the formation of inactive
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aggregates. At enzyme refolding concentrations of approximately 30 pg 

ml-’ only some fifty percent of activity was regained following 24 h 

refolding. Since this concentration represents approximately 0.5 pM 

then it is clear that the rabbit muscle enzyme is less susceptible to 
the formation of aggregates during refolding than lactate 
dehydrogenase (Fig. 5, section 1.7.3.).

The dénaturation and refolding of the rabbit muscle enzyme were also 

examined here. Dénaturation in GdnHCl was monitored by loss of 

catalytic activity and changes in protein fluorescence and circular 

dichroism. Reactivation of the enzyme during refolding was examined in 

the presence and absence of a proteinase pulse prior to assay. Through 

the use of the proteinase pulse it was hoped to generate proteinase 

resistant fragments of structure for subsequent reassociation and 

sequencing studies (section 3.1.). In addition, the dénaturation and 

refolding characteristics of the rabbit muscle enzyme would provide 

another basis on which comparisons could be made with bakers yeast 
phosphoglycerate mutase.

I !
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4.2.4.1. Cleveland napping.

Cleveland mapping assesses the relatedness between proteins from 

I peptide cleavage patterns produced following partial proteolysis In 
the presence of SDS (Cleveland et al., 1977).

Rabbit muscle and bakers yeast enzyme, at a concentration of 1 mg 
ml-’, were mixed with an equal volume of digestion buffer comprising 

1% w/v SDS, 20% v/v glycerol, 10~^% w/v bromophenol blue in 

0.25M Tris-HCl buffer , pH 6.8. The enzymes were boiled for 2 min in 

the digestion buffer. After cooling, proteinase was added to a final

concentration of 33 or 3 pg ml“’ and the digestion mixture Incubated 
at 37”C.

At Intervals up to one hour samples were withdrawn and processed for 

SDS-PAGE analysis by addition of SDS (to 2% w/v), 2-mercaptoethanol 

(to 10% v/v) and boiling for 2 min. After cooling a mixture of 2- 

■ercaptoethanol and 1% w/v bromophenol blue (50:50) was added to each 

sample to a final concentration of 5% v/v. Samples were subsequently 
analysed by SDS-PAGE on 15% acrylamide gels.

Tbe protelnases used and their concentration during digestion were 

Chymotrypsin (used at concentrations of 3 pg ml-’ and 33 pg ml“’ for

\ '

• I
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the bakers yeast and rabbit muscle enzymes respectively), thermolysln 

(33 pg ml“’), protelnase-K (3 pg ml~’) and S. aureus V-8 proteinase <33 

fig ml-’). The optimum concentration of proteinase and the time scale 

of sampling were determined by performing a number of preliminary 
experiments.

4.2.4i2i -SDectrQDhQtometrl C determination of tryptophan rnnt.gn-»;,

The trypt ophan content of both enzymes was determined by the 

spectrophotometrlc method of Edelhoch (1967). Each enzyme was 

incubated at a concentration of 0.25 mg ml“’ In 20 mM sodium phosphate 
buffer, pH 6.5, and In the presence of 6 M GdnHCl. After 15 min. 

equilibration the absorbances at 280, 288 and 315 nm were determined. 

The value at 315 nm is a measure of light scattering by the sample and 

was used to correct (by subtraction) the values obtained at the other 

two wavelengths. From the corrected data the enzyme molar absorptions 

were calculated. The molar absorptions at 280 and 288 nm are 5690 and 

4815 for tryptophan and 1280 and 385 for tyrosine. Therefore;

Azeo (Enzyme molar absorption at 280 nm) = Itrr .5690 + Ftvr .1280

Azee (Enzyme molar absorption at 288 nm) = Ftrr .4815 + Htvr .385

Vhere Htrr and Ityr are the number of tryptophan and tyrosine residues 
per mole of enzyme.
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Solving the above for;

I trp “ (Azee/SlOS) ~ (Azeo/10318) (a. >

Ityr -  6.897 <A2q o /5690 -  Azee/4815) (b. )

The number of moles of tryptophan per mole of enzyme were calculated 

using equation <a.). For tyrosine the errors involved in this method 

of determination are larger than for tryptophan since its molar 

absorptions at the two wavelengths are lower. Furthermore tyrosine can 

be resolved and quantitated during conventional amino acid analysis. 
In view of these factors the tyrosine content of each enzyme was not 

calculated using equation <b. ) but was obtained by conventional amino 
acid analysis as described below.

^ 2.4.3. Titration of cystelnp residues.

The number and accessibility of cysteine residues in the rabbit muscle 

enzyme was determined using the tltrant 5,5'-dlthlolbls (2- 

nltrobenzoic acid) (IbSs). The bakers yeast enzyme has no cysteine 
residues (Fothergill and Harkins, 1982).

The rabbit muscle enzyme at a concentration of 0.27 mg ml-’ in 100 mM 

sodium phosphate buffer, pH 8.0, was reacted with 0.25 mM MbŜ . in the 
presence and absence of 0.1% w/v SDS. The absorbance at 412 nm was 

used to follow the production of the free 5-thio, 2-nitrobenzolc acid
I
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derivative. The concentration of the thlonitrophenolate anion released 
was calculated from Its molar absorption of 13,600 at 412 nm. Using 

the molar concentration of enzyme the number of reacting cysteine 
residues under native and denaturing (in the presence of SDS) 
conditions were calculated.

1..2.4.4. Amino acid analygig,

Amino acid analysis of the rabbit muscle and bakers yeast enzymes 

after performlc acid oxidation was performed by Prof. J. Coggins at 

the University of Glasgow, Scotland. Comparison of this data with that 

published for the bakers yeast enzyme (Fotherglll and Harkins, 1982) 

was undertaken by the method of Cornish-Bowden (1983). Using this 

method protein relatedness is assessed from a difference index (Shn) 
which is defined as;

Snn = 16 I (Hi« - - 0.035 (Ha -  Nb )^ + 0.535 (Ha - He) (c. )

Vtere Ha is the number of residues in chain A, Hb the number of 

residues In chain B, Hia the number of residues type 1 in chain A and 

IiB the number of residues type 1 in chain B. For proteins of equal 

size the latter two corrections in equation (c. ) are not used as Ha =
ie. For proteins that differ In chain length by ( 18 residues this 
correction is within the range ± 2.

I !
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A.3. RESULTS AID DISCUSSTnw.

4.3.1. Kabblt nuscle phosphnglycerate mitagg

The specific activity of the rabbit muscle phosphoglycerate mutase 
supplied by Boerhinger was generally 2500-3000 units mg-'. This 

equates to 288-345 pmole 3-phosphoglycerate metabolised min"’ mg 
protein-’ (section 2.2,3.1.).

Analysis of the enzyme preparation by SDS-PAGE indicated > 90%

homogeneity of staining with Coomassie blue R250. The Mr of the enzyme 

subunit was 28000 ± 1400 and that of the minor contaminant 26000 ± 

1300 (Plate 1). Under native conditions the Mr of the enzyme was 

determined as 56000 ± 5600 using gel filtration on Sephacryl S-300 as 

described in section 2.2.1.2, These values confirm the earlier
reports of Pizer (1960) and Hermann et al. (1983) that the 

phosphoglycerate mutase from rabbit muscle is a dimer of Mr 
approximately 56000.

The Km of the rabbit muscle enzyme in 30 mM Trls-HCl buffer, pH 7.0, 

and in the presence of 10 mM 3-phosphoglycerate for its cofactor 2,3- 

blsphosphoglycerate was determined at 30°C as 7 ± 0.7 pM. A cofactor 
fc«" of 125 pm has been reported for this enzyme under similar 

conditions but in the presence of 400 mM KCl during assay (Grisolia 

and Carreras, 1975). In the absence of added cofactor the rabbit 

“uscle enzyme still exhibited approximately 2% of maximal activity. A
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similar observation was made using the bakers yeast enzyme and the 

possible reasons for this residual activity In terms of trace

contamination of grade 1 3-phosphoglycerate have been considered In 
section 3.3. 1.

There have been some reports of a proposed cofactor Independent 

phosphoglycerate mutase activity exhibited by the rabbit muscle 

enzyme. Grlsolla and Joyce (1959) reported some 1% of maximal activity 

In the absence of cofactor whilst more recently Stanklewlcz and Hass 

(1986) have proposed a blmodallty of catalytic activity with 3Z of 

maximal activity remaining In the absence of added 2,3-

blsphosphoglycerate. In view of the low Km of the rabbit muscle enzyme 

for its cofactor and the residual activity observed in its absence 

which have been reported here, it seems possible that the observations 

of the above authors may have resulted from a combination of 

incomplete dialysis of the enzyme to remove endogenous or bound 
cofactor and/or the presence of trace levels of 2,3-

bisphosphoglycerate In "pure" 3-phosphoglycerate. However, It Is of 

interest that Stanklewlcz and Hass (1986) reported differing pH optima 
for the enzyme activity In the presence (laaxlmal activity; pH 7.0) and 

absence (3% residual activity; pH 6.0) of cofactor. This difference 

does provide some support to their proposed cofactor Independent 

activity in the rabbit muscle enzyme and therefore the situation with 
respect to this activity is not firmly established.

f

r
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4.3.2.1>.Lqss Qf catalytir activity.

The activity of the rabbit muscle enzyme in the presence of GdnHCl is 

shovm in Fig. 21. There was a progressive decline in activity between 

approximately 0 and 1.5 K GdnHCl with 50^ inactivation occu^ng at 

0.55 M. Overall, the profile of inactivation for the rabbit muscle 

enzyme was very similar to that observed for bakers yeast 

phosphoglycerate mutase (Fig. 12) where 50̂ 1 inactivation occui^d at 
0.65 M GdnHCl.

î 3.2.2. Changes in Flunrescencp.

The fluorescence emission spectra of the rabbit muscle enzyme in the 

presence and absence of 4 M GdnHCl are shown in Fig. 22. The X max of 

the native enzyme is 340 nm. In the presence of 4 M GdnHCl there is a 

small red shift to a X max of 348 nm with the fluorescence intensity 
at 340 nm reduced to 60Z of its native value. The spectrum of the 

enzyme in the presence of 2M GdnHCl was very similar to that obtained 

ia 4 M (X max 345 nm, Intensity at 340 nm 83% of native) indicating 

that the gross changes in fluorescence had occurred following 
incubation at the lower concentration.

I
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Fig 21 Activity of rabbit muscle phosphoglycerate mutase in the presence of GdnHCl.

Enz^e (1 unit) was added to substrate (10 mM 3-phosphoglycerate)
 ̂ 2,3-bisphosphoglycerate) and the indicated

glyceratf of GdnHCl in a final volume of 1 ml. 2-phospho-
measured over a 3 min period and activity

2 2 4 1 ^ to a control containing no GdnHCl (sections•̂̂ .4.1. and 5.3.3.1.) .
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Figure 22. Fluorescence spectra of rabbit muscle phosphoglycerate 
mutase in the presence and adssence of 4 M GdnHCl.

at 20°C.R^bit muscle phosphoglycerate mutase (20 yg ml“ )̂ at 20''C The 
excitation was at 290 nm and the emission monitored een 300 and 400 nm. Instrument sensitivity was X lo. 

w  ! enzyme in 50 mM sodium phosphate buffer, pH 7.5;
O  / enzyme in the presence of 4 M GdnHCl.
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T.ipel and KosUand (1971) have examined the fluorescence spectra for 

a range of proteins denatured In 6 K OdnHCl. The spectra of these 

proteins were similar and all showed a common X max of approximately 

350 nm. A mixture of aromatic amino acids <t|ptophan. tyrosine and 
phenylalanine) In the presence of 6 K GdnHCl produced a similar 

spectrum Indicating that these residues were highly solvent exposed In 
the denatured proteins (Teipel and Koshland, 1971).

Oltracentrlfugatlon studies In the presence of 4 It GdnHCl have 

Indicated that the dimeric rabbit muscle phosphoglycerate mutase Is 
coapletely dissociated under these conditions (Hermann et al., 1983). 
The X max of the fluorescence spectrum of this enzyme In the presence 
dt 4 H GdnHCl (Fig. 22) Indicates that this dissociation Is 

accompanied by extensive solvent exposure of aromatic residues 
presumably as a result of subunit dissociation and unfolding.

■he profile and X max of the fluorescence spectra In the presence of 4 

* OdnHCl for the rabbit muscle and bakers yeast enzymes are very 

sisllar (Figs. 22 and 13). The Intensity of the denatured bakers yeast 
spectrum at the X max Is approximately double that of the denatured 
rsbblt muscle enzyme when calculated on a per mole basis. These molar 

intensities correlate well with the differing tryptophan content of 

tks two enzymes. Both enzyme subunits have 5 tryptophans (Fotherglll 
nnd Harkins, 1982 and section 4.3.4.) thus equating to 20 mol-’ and 10 
■»I-' tor the bakers yeast and rabbit muscle enzymes respectively.
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In contrast to the spectra in the presence of 4 K GdnHCl, the profiles 

and X max of the native enzymes show some marked differences. The 

relatively high X max of the rabbit muscle enzyme (340 nm compared 

with 328 nm for the bakers yeast enzyme) indicates that the aromatic 
residues are more solvent exposed in this enzyme. In an attempt to 

verify this observation the quenching of native enzyme fluorescence 
was examined using acrylamide and succlnlmlde as quenchers 
(section 2. 2.5,).

The Stern-Volmer plots for the rabbit muscle and bakers yeast enzymes 

(in the presence and absence of 0.3 mM 2,3-blsphosphoglycerate) are 

shown in Fig. 23 a and b respectively. Examining the fluorescence 

quenching in the two enzymes it is evident that the aromatic residues 

in the rabbit muscle enzyme are more readily quenched. For example, at 

0.35 M acrylamide fluorescence is reduced by 52% and 39% in the rabbit 

muscle and bakers yeast enzymes respectively. Succlnimlde quenches to 

a lesser extent in both enzymes. The reduced efficacy of succinlmlde 

is thought to result from its increased size in relation to a<^lamlde 

(approximately 20% larger; Edward, 1970). This Increase reduces the 
ability of succlnimide to penetrate the protein matrix and quench 

buried aromatic residues. In addition, succlnimlde quenching is 

relatively inefficient in aprotlc solvents (Eftink and Ghlron, 1984) 

and therefore deeply buried aromatic residues may present a 

microenvironment in which quenching is reduced. The ratio of quenching 

efficiencies determined from the slopes of the Stern-Volmer plots 

(Ks/Ka ) is therefore regarded as a sensitive indicator of the relative
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Figure 23. Stern-Volmer plot for quenching of fluorescence in 
baker's yeast and rabbit muscle phosphoglycerate 
mutases.

23a rabbit muscle enzyme, initial concentration 27 pg ml“ .̂ 23B
baker's yeast enzyme, initial concentration 10 pg ml“ .̂ On the 
ordinates F and Fo refer to the fluorescence in the presence and 
absence of quencher respectively. 0  Q  » quenching by acryl- 
amide; ^  ^   ̂quenching by succinimide; 0  ^  , dialysed
enzymes; Q  ^  , dialysed enzymes in the presence of 0.3 mM
2,3-bisphosphoglycerate.
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exposure of the aromatic residues in a protein. This ratio is 0.43 and 

0.33 in the case of the rabbit muscle and bakers yeast enzymes 

respectively. The higher ratio in the former enzyme thus supports the 

conclusion that its aromatic residues are more highly solvent exposed.

Tte presence of cofactor had no detectable effect on the quenching of 

fluorescence in either enzyme ( Figs. 23 a and b>. This finding is 

surprising in view of the fact that both enzymes possess a tryptophan 

residue within their active site peptides (Haggarty and Fothergill, 

1980, Fothergill and Harkins, 1982). Furthermore, tryptophan 22 

appears to form part of the active site pocket of the bakers yeast 

enzyme (Vinn et aJ,, 1931). It would appear however that the presence 

of cofactor has no "protective" effect on either of these residues in
oF

venting the quenching of their fluorescen-: .

■ I

cftink and Ghiron (1984) have reported ratios of between 0.1

(aldolase) and 0.64 (lysozyme) for a range multi-tryptophan containing 

proteins. The values obtained for the phosphoglycerate rautases 
examined are therefore in the middle of this range. As a suitable 

control to the above studies the quenching of aldolase and lysozyme 

were re-examined and the comparable K-tVKp, values of 0.1 and 0.61 were 
obtained (data not shown).

'I'he fluorescence emission of the rabbit muscle enzyme at 325 nm as a 

function of GdnHCl at intermediate concentrations between 0 and 2 M is 

shown in Fig. 24. There is a small decrease in fluorescence intensity
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Figure 24. Fluorescence of rabbit muscle phosphoglycerate mutase 
in the presence of GdnHCl.

Fluorescence was recorded in 50 mM sodium phosphate buffer pH 7.5, 
at 2ooc. The excitation and emission wavelengths were 290 and 
325 nm respectively and the change in fluorescence emission is 
expressed relative to the total change between O and 2 M GdnKCl. 
Fluorescence emission in the presence of 2 M GdnHCl was approxi­
mately half that of the native enzyme (Fig. 22).



at concentrations up to 1 M GdnHCl followed by a rapid decline between 

1 and 1.5 K to a value approximately half that of the native enzyme. A 

further small decrease In fluorescence Intensity occurred on

increasing the GdnHCl concentration to 2 K. However, there was no 

significant change In fluorescence intensity from this value when the 

GdnHCl concentration was increased to 4 M. The mid-point of the 

fluorescence transition is 1.1 M. An Identical value for this mid­

point was obtained for bakers yeast phosphoglycerate mutase although 

in the case of this enzyme an initial small increase in fluorescence 

intensity was observed at GdnHCl concentrations < 1 M and the final 

intensity in 2 M GdnHCl was one quarter that of the native enzyme 

(Fig. 14). Changes in the fluorescence X max of the rabbit muscle 

enzyme occurred at similar concentrations to the reduction in 

intensity with the red shift in X max from 340 to 345 nm produced 
between 0.5 and 2 M GdnHCl.

LJ3.2.3. Changes in circular dichroism.

The circular dichroism spectra of the rabbit muscle enzyme in the 

presence and absence of 2 M GdnHCl are shown in Fig. 25. Using the 

reference values for the ellipticity of pure helix at 210 and 225 nm 

quoted by Chen et ai. (1974) the helical content of the rabbit muscle 

may be calculated as 12 ± 1% in the absence of GdnHCl. The marked 

shoulder in the circular dichroism spectrum between 215 and 230 nm in 

the presence of 2 M GdnHCl is evidence of some helical structure 

remaining at this concentration. Bakers yeast phosphoglycerate mutase

I ■
■ I
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Figure 25. Circular dichroism spectra of rabbit muscle phosphoglycerate 
mutase in the presence and absence of 2 M GdnHCl.

I

Enzyme in 50 mM sodi\im phosphate buffer, pH 7.5, at 20°C in the presence 
( O  i edjsence { A  ) of 2 M GdnHCl.



also exhibited residual helical structure In the presence of 2 M 

GdnHCl and in the case of this enzyme the elliptlclty between 210 and 

240 nm was reduced by approximately 10% of the native value on 

Increasing the GdnHCl concentration to 4 M. Unfortunately, the time 

constraints on the usage of the circular dlchrolsm instrument meant 

that the spectrum of the rabbit muscle enzyme in the presence of the 4 

K GdnHCl was not recorded. However, it seems likely that a spectra 

under these conditions would exhibit a further decrease in elliptlclty 

between 210 and 240 nm and probably of a similar magnitude to that 
observed for the bakers yeast enzyme.

} !

Comparison of the circular dlchrolsm spectra of the native rabbit 

muscle and bakers yeast enzymes (Figs. 25 and 15 respectively) shows 

that the latter protein has greater (more negative) elllpticlty over 

the wavelength range studied. The bakers yeast enzyme thus appears to 

have a higher helical content when estimated from this data. This 

difference must be considered in the context of the assumptions made 

about the contributions of other structural elements to the

ellipticity of proteins (section 3.3.2.3.). Furthermore, the 

calculation of elliptlcitles are dependent on reproducible and

accurate determinations of protein concentrations. There is thus some 

potential for experimental error in their calculation.

Vhllst the circular dichrolsm spectra indicate some differences 

between the bakers yeast and rabbit muscle enzymes, there is some 

evidence that they may possess a common arrangement of secondary

i

, I.
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structural elements. Price and Stevens (1983) have reported that a 

range of 2,3-bisphosphoglycerate dependent phosphoglycerate nutases 

bind to the immobilised dye Cibacron blue F3GA and can be displaced 

from it by a pulse of their cofactor. A number of cofactor Independent 

phosphoglycerate mutases examined by these authors were not retained 

by this dye. Binding of Cibacron blue F3GA Is thought to be 
characteristic of proteins possessing a regular arrangement of 8-sheet 

and a-helical structure (section 1.2.5.) and therefore binding of the 

cofactor dependent phosphoglycerate mutases is evidence that they have 

a common configuration of secondary structural elements.

I I

L3.3. Renaturation of rabbit muscle phosphoglycerate mutase. 

ii-3.3.1. Eeactlvation in the absence of proteinases.

The reactivation profiles of the rabbit muscle enzyme at 20°C and at a 

renaturing concentration of 10 and 30 pg ml~’ are shovm in Fig. 26. As 

with the bakers yeast enzyme, reactivation was assessed following 

dilution of the renaturing enzyme to a standard concentration of 10 pg 

111"’ and incubation at 20°C for 1 min. The full lines in Fig. 26 are 

calculated according to the kinetic model of reactivation of rabbit 

auscle phosphoglycerate nutase proposed by Hermann et al. (1983) 

iavolving two parallel first order reactions with rate constants 3.4 x 
10-'* and 5.0 x 10~® s“’ (for the slower and faster reactions

respectively). The faster reaction comprises two-thirds of the total 

reactivation amplitude under this scheme. It should be noted that this
I I

104



Figure 26. Reactivation of rabbit cúsele phosphoglycerate mutase in the absence of proteinases.

Rabbit muscle phosphoglycerate mutase renaturing at;-----^ ^  ̂ ^
30 pg ml“ was diluted to a standard concentra-lO pg ml and wa& uxj.uueu to a stanaara concei

ion of 10 yg ml** in 50 mM sodium phosphate buffer and incubated for 
1 nin at 20OC prior to assay. The full lines were calculated according 
o the kinetic model of reactivation reported by Hermann et al. (1983).
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kinetic model was not defInedj^terns of changes In quaternary structure 

during reactivation since Hermann et al. were unable to quantitatively 

fix the rabbit muscle enzyme using the glutaraldehyde cross-linking 

technique. As such the structure of the active species during 
renaturation are unknown.

The reactivation of the rabbit muscle enzyme at both concentrations 

runs significantly ahead of the profile predicted by the kinetic model 

particularly over the first 15 min of renaturation. However, the 

reactivation data used by Hermann et ai. <1983) to which their kinetic

model was fitted was obtained using a 5 min tryps'ln treatment at 5 pg
A i

prior to assay. The data in Fig. 26 therefore indlfcates «that some 

intermediates formed during the renaturation of the rabbit muscle 

enzyme have activity which is more sensitive to trypsin than the 

native form (since in the absence of a proteinase "pulse" the 

reactivation rate is increased). A similar property has been noted for 

the bakers yeast enzyme (Hermann et al., 1983, section 3.3.4) where 

the monomeric and dimeric intermediates of renaturation have a partial 

activity which is proteinase sensitive.

Reactivation of the rabbit muscle enzyme would be expected to be 

concentration independent from the above first order reaction 

kinetics. However, reactivation is only coi^letely reversible at 

renaturlng concentrations of ( 5 pg ml~'. At higher concentrations the 

yield of reactivation is reduced although the rate constant is 

unchanged (Hermann et al., 1983). Fig. 26 shows a similar pattern with

I ■

I
I I
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a lower yield of reactivation observed at the higher renaturlng 

concentration examined. The reduction in activity regained occurs as a 

result of the formation of inactive "wrong" aggregates (Hermann et 

ai., 1983). Aggregate formation has also been reported during the 

renaturation of lactate dehydrogenase with the level of this competing 

process dependent on the extent of dénaturation and the concentration 

of this enzyme during renaturation (Zettlmeissel et al., 1979, section
1.7.3. ).

4̂ .3..3̂ 2.. Eeactlvatlon in the presence of proteinases.

Tte three proteinases employed in the bakers yeast phosphoglycerate 

inutase reactivation studies, namely trypsin, chymotrypsin and 

thermolysin, were also used to further examine the proteinase 

sensitivity of intermediates formed during reactivation of the rabbit 

muscle enzyme. As with the bakers yeast enzyme a proteinase "pulse" of 

1 min. at 20°C was used prior to assessing reactivation. This 

proteinase treatment had no effect on the activity of the native 

rabbit muscle enzyme in the presence or absence of the residual 

concentration of GdnHCl (0.1 M) present during renaturation. The 

reactivation profiles for the rabbit muscle enzyme renaturing at 10 

and 30 pg ml“’ are shown in Figs. 27 and 28^respectively. The data 

obtained in the absence of proteinases' (plotted in Fig. 26) is 

included for comparison and the full lines were calculated as before.
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Figure 28 . Reactivation of redsbit muscle phosphoglycerate mutase at 
30 jjg ml“  ̂assessed following a one minute proteinase 
pulse of 20 Mg ml”^.

, I



Figs. 27 and 28 show that the use of a proteinase pulse reduces the 

yield of reactivation during the first 10 min of renaturation. The 

reactivation data in the presence of proteinases is now a closer fit 

to the kinetic model of Hermann et al. (1983). There is therefore 

evidence that intermediates formed during renaturation have activity 

that is more sensitive to trypsin, chymotrypsin and thermolysin than 

the native enzyme. The effects at 30 pg ml“’ (Fig. 28) are less marked 

than at 10 pg ml"^ (Fig. 27) and it is possible that at the higher 

renaturing concentration the greater formation of inactive aggregates 

or their precursors has some effect on the proteolysis of the active 

enzyme (or its precursors). However, since at this concentration the 

yield of reactivation is relatively small the experimental error 

involved in assessing reactivation would be greater relative to the 

expected difference between the "control" and proteinase pulse 
treatments.

The observation that the activity of intermediates formed during

renaturation are proteinase sensitive implies that these forms must

have a relatively "open" structure in comparison with the native
fenzyme. Changes occurring during subsequent stages must render certain 

sites inaccessible to proteolytic attack such that the activity of the 

native enzyme is totally refractory to the 1 min. "pulse". Examples of 

other enzymes having active or partially active Intermediates of 

renaturation have been considered in section 3.3.4.2.

I

: I

107



A. 3.3.3. Resistance QÎ subunit to protelnaçîes during renat.nratlnT^.

The integrity of the rabbit muscle enzyme subunit during renaturation 

following the 1 min. 20 |ig ml~’ proteinase pulse was assessed using 

SDS-PAGE as described in section 2.2.6. The percentage of intact 

subunit with increasing time of renaturation at 30 pg ml“  ̂ following 

proteolysis with trypsin and thermolysln is shown in Fig. 29. The full 

line was calculated as before representing predicted reactivation of 

the rabbit muscle enzyme in the presence of proteinase (Hermann et 

al,, 1983). Clearly, Fig. 29 shows that there is extensive degradation 

of the subunit at early (<2 min) time points during renaturation. With 

increasing time of renaturation the percentage of intact subunit 

reaches some 90% indicating that the renatured material and the native 

enzyme have equivalent resistance to proteolytic degradation. However, 

at all stages during renaturation the subunit resistance runs 

considerably ahead of the reactivation profile indicating that 

inactive but proteinase resistant monomeric and/or dimeric enzyme 

forms or aggregated material is being produced. This "apparent" 

formation of subunit may represent the folding of the enzyme to 

inactive but compact and proteinase resistant aggregates. As discussed 

above this process is a major coi^tlng reaction at higher renaturlng 

concentrations and results in the low yield of reactivation observed. 

These aggregates would not be resolved from "native" subunit following 

SDS-PAGE. Alternatively, the possibility that proteolytic inactivation 

during renaturation results from the cleavage of only a small number 

of amino acids cannot be excluded. Such an inactive subunit would

It.
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again not be re s o lv e d  from  a c t iv e  " n a t iv e "  s u b u n it under SDS-PAGE 

analysis. P ric e  e t  a l .  <1985a) have re p o rte d  t h a t  in a c t iv a t io n  o f  th e  

native r a b b it  muscle enzyme by th e rm o ly s in  occurs w ith  o n ly  a m inim al 

decrease in  s u b u n it Mr as assessed by SDS-PAGE and w ith  r e te n t io n  o f  

the gross s t r u c t u r a l  fe a tu re s  o f  th e  n a t iv e  enzyme. In a c t iv a t io n  o f  

the in te rm e d ia te s  o f  r e n a tu r a t io n  a n d /o r  p r o te o ly s is  o f  In a c t iv e  

aggregates by t h is  process c o u ld  e x p la in  th e  "enhanced" in t e g r i t y  o f  

subunit fo l lo w in g  p r o te o ly s is  in  com parison w ith  th e  e q u iv a le n t  

re a c t iv a t io n  d a ta .

Some p re lim in a ry  ex p erim en ts  were perform ed u s in g  a 20 pg ml“ ’ 

Chymotrypsin p u lse  and th ese  re v e a le d  t h a t  no In t a c t  s u b u n it rem ained  

fo llow ing  p r o te o ly s is  even a f t e r  60 min r e n a tu r a t io n .  F u rth erm o re , 

there was no ev id en ce  f o r  in t a c t  s u b u n it in  th e  p ro te in a s e  t r e a te d  

aative enzyme sample d e s p ite  th e  f a c t  th a t  t h is  tre a tm e n t had no 

apparent e f f e c t  on a c t i v i t y .  A p o s s ib le  e x p la n a t io n  fo r  these

observations may be th a t  C hym otrypsin  c le a v e s  th e  n a t iv e  o r  r e n a tu r in g  

rabb it muscle enzyme a t  one o r  m ore' p o in ts  b u t does no t produce  

s u ff ic ie n t  d is r u p t io n  o f  th e  s t r u c tu r e  to  cause in a c t iv a t io n .  Under 

SDS-PAGE c o n d it io n s  th e s e  "n ic k e d "  s u b u n its  d is s o c ia te  to  s m a lle r  

fragments i 6500 which a re  n o t d e te c te d . C le a r ly ,  th ese  c o n c lu s io n s  

could b e n e f it  from  f u r t h e r  v e r i f i c a t i o n  and e x a m in a tio n  o f  th e  above 

observations.
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4-3. 4.--GnnparlSQns--between___ r a b b it  muscle and b akers  yeas t

phosphQglycerate nmtases.

The ra b b it  muscle and b akers  y e a s t enzymes a re  b o th  c o fa c to r  dependent 

phosphoglycerate mutases. Both enzymes have a r e a c t io n  mechanism o f  

the "p ing-pong" type p ro ceed in g  v ia  a phosphory la te d  h is t id in e  

in term ed ia te  (s e c t io n  1 . 1 . 2 . ) .  The amino a c id  sequence around t h is  

h is tid in e  re s id u e  is  s im i la r  and bo th  enzymes a re  in a c t iv a t e d  by th e  

h is tid in e  and a rg in in e  m o d ify in g  re a g e n ts , (s e c t io n s  1 .2 .1 .  and

1 .2 .2 . ) .  The q u a te rn a ry  s t ru c tu re s  o f  th e  enzymes d i f f e r ,  th e  bakers  

yeast being a te tra m e r and th e  r a b b it  muscle b e in g  a d im er. However, 

the su bu n it Mr o f  the two enzymes is  s im i la r  (2 8 ,0 0 0 )  and th e re  is  

evidence o f a common s t ru c tu re d  p a t te r n  in  th e  two enzymes r e f le c t e d  

in t h e i r  a b i l i t y  to  b ind  to  C ibacron  B lue F3GA and to  be d is p la c e d  by 

a pulse o f 2 , 3 -b is p h o s p h o g ly c e ra te  (P r ic e  and S teven s , 1 9 8 3 ).

As re p o rte d  above and in  s e c t io n  3 .3 .4 .  th e  two enzymes can be 

renatured fo llo w in g  d é n a tu ra t io n  in  GdnHCl, a lth o u g h  th e  concen­

tra tio n s  a t  which o p tim a l r e a c t iv a t io n  is  o b ta in e d  a re  d i f f e r e n t .  The 

rabb it muscle enzyme is  s u s c e p tib le  to  th e  fo rm a tio n  o f  in a c t iv e  

^ggi"egates a t  c o n c e n tra tio n s  above 5 pg m l” ’ (Hermann e t  a i . ,  1 9 8 3 ). 

lû c o n tra s t th e  r e a c t iv a t io n  y ie ld  o f  th e  b akers  y e a s t enzyme is  

greater a t  50 pg ml” ’ th an  a t  lo w er c o n c e n tra t io n s  ( s e c t io n

3 .3 .4 . 1. ) .

I^ s p ite  th e  above s i m i l a r i t i e s  between th e  two enzymes th e re  a re  a 

number o f o th e r  a reas  in  which th e y  d i f f e r .  F o r exam ple, the
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fluorescence em iss ion  spectrum  o f  th e  two enzymes and I t s  quenching by 

acrylam ide and s u cc ln lm ld e  have In d ic a te d  th a t  a ro m a tic  re s id u e s  a re  

considerab ly more s o lv e n t exposed In  th e  r a b b it  muscle enzyme. The 

c irc u la r  d ic h ro is m  s p e c tra  have a ls o  In d ic a te d  t h a t  th e  r a b b it  muscle 

enzyme p ro b ab ly  has a lo w er h e l ic a l  c o n te n t.

The C leve lan d  mapping te c h n iq u e  assesses p r o te in  re la te d n e s s  from  

cleavage p a tte rn s  fo llo w in g  l im i t e d  p r o te o ly s is  in  th e  presence o f  

SDS. A p p lic a t io n  o f t h is  te c h n iq u e  to  th e  b akers  y e a s t and r a b b it  

muscle enzymes u s in g  th e  p ro te in a s e s  S. au reu s  V8 p ro te in a s e ,  

therm olysin, chym otrypsin  and p ro te in a s e  K as d e s c rib e d  in

section 4 .2 .4 .1 .  re v e a le d  v e ry  few  common p e p tid e s  . O n ly  in

the case o f chym otryp s in  (Mr 16500) and p ro te in a s e  K (Mr 1 7 ,0 0 0  and 

18,000) were any common bands observed.

In view o f th e  range o f ev id en ce  fo r  homology betw een th e  two enzymes 

i t  was co n s id ered  o f v a lu e  to  d e te rm in e  th e  amino a c id  co m p o s itio n  o f  

the ra b b it  muscle enzyme and compare t h is  w ith  th e  p u b lis h e d  d a ta  fo r  

the bakers y e a s t enzyme ( F o t h e r g i l l  and H a rk in s , 1982) u s in g  th e  

method o f Cornish-Bowden (1 9 8 3 ).

The tryp to p h an  c o n te n t o f th e  two enzymes was d e te rm in ed  by th e  

spectrophotom etric  method o f Edelhoch (1967 ) as  d e s c r ib e d  in  

section 4 .2 .4 .2 .  V a lu es  o f 4 .9  and 4 .8  m o l- ' o f  s u b u n it were 

obtained f o r  th e  r a b b it  muscle and b akers  y e a s t enzymes r e s p e c t iv e ly .  

The c y s te in e  c o n te n t o f  th e  r a b b i t  m uscle enzyme was d e te rm in ed  by 

t i t r a t io n  w ith  NbS^ as d e s c rib e d  in  s e c t io n  4 . 2 . 4 . 3 .  Under n a t iv e
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conditions th e re  were two t i t r a t a b l e  c y s te in e  re s id u e s  inol~’ o f  enzyme 

and under d e n a tu r in g  c o n d it io n s  t h is  v a lu e  was In c re a s e d  to  4 mol“ ’ . 

There are th us  two c y s te in e  re s id u e s  p e r s u b u n it o f  r a b b it  muscle 

enzyme w ith  o n ly  one b e in g  exposed In  th e  n a t iv e  form . The bakers  

yeast enzyme c o n ta in s  no c y s te in e  ( F o t h e r g l l l  and H a rk in s , 1 9 8 2 ). The 

remainder o f th e  amino a c id  a n a ly s is  o f  the  two enzymes was k in d ly  

performed by P ro f. J . Coggins a t  the  U n iv e r s ity  o f  Glasgow.

The amino a c id  co m p o s itio n s  o f  the two enzymes a re  g iv e n  in  T a b le  lA  

of Appendix I I .  C a lc u la t io n  o f  the d i f fe r e n c e  In d e x  (Shn) o f C o rn ls h -  

Bowden (1983) d e s c rib e d  in  s e c t io n  4 .2 .4 .2 .  g iv e s  v a lu e s  o f  14 .8  

(0 .061Ii) between th e  two s e ts  o f d a ta  f o r  the  y e a s t enzyme and 147 .5  

(0.61N) between th e  r a b b it  muscle enzyme and P ro f . Coggins d a ta  fo r  

the bakers ye as t enzyme. Comparison o f th e  r a b b it  muscle enzyme w ith  

the published d a ta  f o r  th e  bakers  y e a s t enzyme g iv e s  a Shn o f 162 

(0.671i).

Values o f le s s  th an  0.42IT (Shn = 94) a re  co n s id e red  t o  In d ic a te  s tro n g  

relatedness between p r o te in s  whereas v a lu e s  g r e a te r  th an  0.93IT (Shn = 

224) in d ic a te  no r e la t io n s h ip .  From th e  two r a b b it  m u s c le /b a k e rs  yeast 

comparisons i t  is  c le a r  th a t  th e  Cornish-Bowden In d e x  in f e r s  o n ly  weak 

relatedness between th e  two enzymes. Any fu r t h e r  c o n c lu s io n s  about the  

homology between th e  two enzymes must th e r e fo r e  a w a it the  

determ ination o f th e  f u l l  amino a c id  sequence and th re e  d im en s io na l 

structure o f the r a b b it  muscle enzyme. I •
• I
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lû a d d it io n  to  t h is  s t r u c t u r a l  a n a ly s is  o f th e  S.ponbe  enzyme, th e  

dénaturation  and r e fo ld in g  o f  t h is  enzyme were a ls o  examined w ith in  

the o v e r a ll  aim s o f t h is  th e s is .  The enzyme was m arked ly  more s ta b le  

in  the presence o f 2 , 3 -b is p h o s p h o g ly c e ra te  and so th ese  s tu d ie s  were 

performed in  th e  presence and absence o f t h is  c o fa c to r  whenever 

possible. D é n a tu ra tio n  in  GdnHCl was m onitored  by th e  lo s s  o f  

c a ta ly t ic  a c t i v i t y  and changes in  p r o te in  f lu o re s c e n c e  and c i r c u la r  

dichroism. R e a c t iv a t io n  o f  th e  enzyme d u rin g  r e fo ld in g  was exam ined in  

the presence and absence o f  a p ro te in a s e  p u lse  p r io r  to  assay.

! I

I I
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^2. METHODS.

5.2.1,  Is o la t io n  o f  P h o sp h o g lycera te mutase from  

Sch 1 zosa ccharomyces  pomhe.

Phosphoglycerate mutase was is o la te d  from  S. poabe  e s s e n t ia l ly  by th e  

method o f P r ic e  e t  a l .  (1 9 8 5 b ). A l l  p rocedu res  were perform ed a t  4°C  

unless o th e rw is e  s ta te d .

S.pombe was grown in  a l iq u i d  c u l tu r e  medium c o n ta in in g  p e r l i t r e ,  

20 g yeast e x t r a c t ,  25 g KH^PO^, 2 g (liH4)2S04 and 20 g g lucose fo r  

60 h a t 25” C in  an o r b i t a l  in c u b a to r . The c e l l s  were h a rv e s te d  by 

c e n tr ifu g a tio n  a t  2 2 ,0 0 0  gr fo r  20  min ( r o u t in e ly  y ie ld in g  16 g wet 

weight per l i t r e  l iq u id  c u l tu r e )  and were su b se q u en tly  ground fo r  

6 min in  a p re -c o o le d  m o rta r w ith  h a l f  t h e i r  w e ig h t o f a c id  washed 

sand. E x tra c t io n  b u f fe r  com prised 10 mM T r is -H C l b u f fe r ,  pH 8 .0 ,  1 mM 

EDTA, 0.1% v /v  T r i to n  X -10 0  and 1 mM p h en y lm eth y lsu lp h o n y l f lu o r id e  

(fres h ly  p rep ared  and ad d ed ). An eq u a l volume o f t h is  b u f fe r  was added 

to the ground c e l ls .  A f t e r  s ta n d in g  5 min th e  crude e x t r a c t  was 

recovered by c e n t r i fu g a t io n  a t  2 6 ,0 0 0  g  f o r  30 min and benzam ldine  

added to  a f i n a l  c o n c e n tra t io n  o f  1 mM. The crude e x t r a c t  was then  

applied d i r e c t ly  to  a C ibacron  B lue F3GA-sepharose column (5 cm x 

4.9 cm^) e q u i l ib r a te d  a g a in s t  10 mM T r is -H C l b u f f e r ,  pH 8 .0 .  A f te r  

washing w ith  t h is  b u f fe r  t o  remove unbound p r o te in s  p h ospho g lycerate  

mutase was e lu te d  using a l in e a r  g r a d ie n t  form ed between 25 ml o f T r is  

buffer and 25 ml o f  th e  same b u f fe r  c o n ta in in g  4 mM 2 ,3 -

\ '
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In a c tiv a tio n  and p r o t e o ly t ic  d e g ra d a tio n  o f  th e  n a t iv e  S.poabe  enzyme 

was examined us ing  fo u r  p ro te in a s e s . l a t i v e  enzyme, a t  a c o n c e n tra t io n  

of 75 pg m l" ’ , was in cu b a te d  in  50 mM sodium phosphate b u f fe r ,  pH 7 .5 ,  

at 20^C in  th e  presence o f  th e  fo llo w in g  p ro te in a s e s ; t r y p s in ,  

chymotrypsln, th e rm o ly s ln  and p ro te in a s e  K ( a l l  a t  75 pg m l" ’ ) .  

Samples ta ken  a f t e r  up to  120 min In c u b a tio n  were assayed f o r  a c t i v i t y  

and analysed fo r  p r o t e o ly t ic  d e g ra d a tio n  by SDS-PAGE.

5.2 .5 . R e n a tu ra tio n  o f S.ppabe  ph o sp h o g lycera te  m utase.

R eactivatio n  o f S.pombe ph ospho g lycerate  mutase in  th e  presence and 

absence o f p ro te in a s e s  was exam ined as d e s c rib e d  in  s e c t io n  2 .2 .6 .  

In the absence o f  p ro te in a s e  tre a tm e n t p r io r  to  assay sam ples o f  

renaturing S.pombe enzyme were assayed d i r e c t l y  from  th e  r e n a tu r a t io n  

mixture.

The tryp to p h an  c o n te n t o f th e  S.pombe enzyme was d e te rm in ed  by th e  

spectrophotom etric method o f Edelhoch (1967 ) as  d e s c r ib e d  In  s e c t io n  

4 2 .4 .2 . The enzyme c o n c e n tra t io n  was 74 pg m l" ’ and th e  GdnHCl 

concentration  4 .2  M. The number and a c c e s s ib i l i t y  o f c y s te in e  re s id u e s
I I
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was determ ined by t i t r a t i o n  w ith  E llm ans re a g e n t FbSi; as  d e s c rib e d  in  

section 4 . 2 . 4 . 3 .  The enzyme c o n c e n tra t io n  was 74 fig ml~^ and th e

HbSi; 0 .25 mM.

The rem ain ing amino a c id  co m p o s itio n  and a p ro p o r t io n  o f  th e  sequence  

of the S.pombe enzyme were d e te rm in ed  by P r o f . J . F o t h e r g l l l  a t  th e  

U nivers ity  o f Aberdeen, S c o tla n d . Amino a c id  a n a ly s is  was perform ed  

fo llow ing a c id  h y d ro ly s is  o f th e  n o n -o x ld is e d  n a t iv e  enzyme. For 

sequencing s tu d ie s  th e  n a t iv e  enzyme was c le a v e d  u s in g  th e  p ro te ln a s e s  

c lo s tr ip a in  and ch ym o tryp s in . The r e s u lta n t  p e p tid e s  were s e p a ra te d  on 

a C-18 re v e rs e  phase HPLC system  and sequenced u s in g  an A p p lie d  

Biosystems gas phase sequencer. D e ta ile d  n^ th odo log y o f th e  amino 

acid a n a ly s is  and sequencing was e s s e n t ia l ly  as d e s c r ib e d  in  R u s s e ll 

et a l. (1 9 8 6 ).

I I
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 ̂ .?■ RESULTS AHD DISCUSSIQF.

.'̂ ■1. Is o la t io n  and c h a r a c te r is a t io n  o f th e  S.pombe ph ospho g lycera te  

mutase.

The s p e c if ic  a c t i v i t y  o f th e  S.pombe enzyme p re p a ra t io n  was t y p ic a l l y  

2000 u n its  mg“ ’ e q u a tin g  to  230 pmole 3 -p h o s p h o g ly c e ra te  m e ta b o lize d  

min“ ’ mg p r o te in “ ’ . T h is  s p e c i f ic  a c t i v i t y  compares w e ll w ith  the  

value o f 250 pmole 3 -p h o s p h o g ly c e ra te  m e ta b o lize d  min“ ’ mg p r o te in “ ’ 

reported by P r ic e  e t  a l .  (1 9 8 5 b ). The m inor m o d if ic a t io n  to  these  

authors is o la t io n  p ro to c o l In v o lv in g  th e  use o f a 0 to  4 mM 2 ,3 -  

bisphosphoglycerate g ra d ie n t  r a th e r  th an  a 1 mM p u ls e  r e s u lte d  in  a 

greater y ie ld  o f a c t i v i t y  based on th a t  in  th e  crude e x t r a c t  (70% by 

gradient, 50% by p u ls e ) w ith  o n ly  m arg in a l lo s s  in  s p e c i f ic  a c t i v i t y .

Analysis o f th e  enzyme p re p a ra t io n  by SDS-PAGE in d ic a te d  ) 95% 

homogeneity o f  s ta in in g  w ith  Coomassie b lu e  R250. The Mr o f  th e  enzyme 

was 25 ,000  ± 1 ,2 5 0  (PLATE 1 ) .  The Mr o f th e  n a t iv e  enzyme was 

determined by g e l f i l t r a t i o n  u s in g  S ep h acry l S -300  as 2 3 ,0 0 0  ± 2 ,3 0 0  

and using Sephadex G -150 as  2 3 ,4 0 0  ± 2 ,4 0 0  as d e s c rib e d  in  

section 2 .2 .1 .2 .  These r e s u l t s  c le a r ly  In d ic a te  t h a t  th e  S.pombe 

phosphoglycerate mutase i s  a monomer o f Mr a p p ro x im a te ly  2 3 ,0 0 0 . T h is  

conclusion and th e  observed enzyme Mr a re  in  c lo s e  agreem ent w ith  th e  

findings o f P r ic e  e t  a l .  (1 9 8 5 b ). These a u th o rs  re p o rte d  th e  Mr o f  th e  

enzyme to  be a p p ro x im a te ly  2 5 ,0 0 0  under d e n a tu r in g  c o n d it io n s  us ing
I I
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SDS'PAGE and 2 1 ,0 0 0  ± 2 ,0 0 0  and 2 3 ,0 0 0  ±  2 ,0 0 0  undGr n a t iv e  c o n d it io n s  

using g e l f i l t r a t i o n  on Sephadex G -150 and g e l perm eatio n  HPLC 

resp ective ly .

The Km o f th e  S.pombe enzyme in  30 mM T r ls -H C l b u f fe r ,  pH 7 .0 ,  and in  

the presence o f  10 mK grade 1 3 -p h o s p h o g ly c e ra te  f o r  th e  c o fa c to r  2 ,3 -  

bisphosphoglycerate was d e term in ed  a t  30°C  as 17 ± 1 .3  pM. As w ith  the  

rabbit muscle and bakers  y e a s t p h o sp h o g lycera te  mutases th e  S.pombe 

enzyme e x h ib ite d  a p p ro x im a te ly  2% o f  maximal a c t i v i t y  in  th e  absence 

of added c o fa c to r  (s e c t io n s  4 .3 .1 .  and 3 .3 .1 .  r e s p e c t iv e ly ) .  T h is  

a c t iv ity  is  a g a in  e x p lic a b le  in  term s o f  th e  t r a c e  c o n ta m in a tio n  o f 

the grade 1 3 -p h o s p h o g ly c e ra te  w ith  c o fa c to r  and t h is  re s id u a l  

concentration was In c lu d e d  in  th e  d e te rm in a t io n  and c a lc u la t io n  o f the  

Km. P ric e  e t  a l .  (1985b) have re p o r te d  a K„. o f  0 .5  mM f o r  3 -  

phosphoglycerate in  th e  presence o f  0 .3  mM 2 , 3 -b is p h o s p h o g ly c e ra te . 

However, these a u th o rs  d id  not examine th e  k in e t ic s  o f th e  c o fa c to r .

I n i t i a l l y  th e  d ia ly s e d  enzyme p re p a ra t io n  was s to re d  a t  -18'^C. 

However, i t  r a p id ly  became e v id e n t th a t  re p e a te d  f r e e z in g  and thaw ing  

of the enzyme le d  to  c o n s id e ra b le  lo s s  o f  a c t i v i t y .  A p p ro x im ate ly  90% 

of a c t iv i t y  was lo s t  fo l lo w in g  5 f r e e z e /th a w  c y c le s  perform ed e i t h e r  

over a number o f days o r  re p e a te d ly  w ith in  a number o f hours . The 

effect thus appeared to  be th e  r e s u l t  o f th e  f r e e z in g  and thaw ing  

process ra th e r  th an  th e  p e r io d  o f s to ra g e . In  c o n tra s t  to  t h is  e f f e c t  

Ĥe a c t iv i t y  o f th e  u n d ia ly s e d  enzyme was c o m p le te ly  s ta b le  to  the  

freeze/thaw  e f f e c t  (F ig . 30 a and b ) . F u rth erm o re , a d d it io n  o f  2 ,3 -

!
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Figure 30. Stability of £ pombe phosphoglycerate mutase in 50 mil 
sodium phosphate buffer, pH 7,5.

3oa stability at ; 0  O  » and A  
successive freezing (-18°C) and thawing. 0  A  
enzyme; ^  ^  , undialysed (phospho-)enzyme

following 
, dialysed (apo-)

30B stability of dialysed (apo-) enẑ Tne towards freezing (-18°C) and 
thawing. A  » successive freeze/thaw cycles; Q  ,
stored as individual aliquots and thawed once for assay.
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bisphosphoglycerate at a concentration of 2 nM to the dialysed enzyme 

completely restored its resistance to the effect (data, not shown). The 

sensitivity of the enzyme to inactivation by this method is therefore 

reversible and appears to be dependent on its state of 
phosphorylation, since dialysis and addition of 2,3-bisphospho-

Kglycerate < which acts to phosporylate the enzyme (section 1.1.2.,
A

Fig. 2)) appears to interconvert the resistant and susceptible states.

Enzyme inactivation by processes of freezing and thawing is a fairly 

common phenomenon particularly at protein concentrations below 2mg 

ml~’ (Scopes, 1982). In the case of phosphoglycerate mutases certain 

reports have indicated that the cofactor dependent enzymes from rabbit 

muscle and bakers yeast may be susceptible to freezing and thawing 

(Cowgill and Pizer, 1956, Grisolla and Carreras, 1975). Substances

such as glycerol and sucrose are routinely used to stabilize proteins 

in solution through their action in reducing water activity (Scopes, 

1982). During freezing, solutions containing these substances do not 

freeze or form a thin slurry of ice surrounding a core of glycerol 
solute mixture.

Inactivation of enzymes following freezing occurs through a number of 

possible processes. For example, as a solution freezes the least

soluble solute component of a buffer may precipitate first and

therefore considerable pH shifts may be produced (Oril and Morita, 

1977). Such pH shifts can lead to dissociation of malate dehydrogenase 

into subunits such that on thawing inactivation of this enzyme is
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accompanied by the formation of high Mr wrong aggregates (Domenech et 

al., 1987). The reported effects on malate dehydrogenase were most 

pronounced in sodium phosphate buffer systems. The use of 50 mM sodium 

phosphate buffer, pH 7.5, during the stability studies on the S.pombe 
enzyme may therefore have exacerbated the effects of freezing and 
thawing on the dialysed enzyme.

It also seems possible that freezing of proteins containing internal 

water molecules may cause some form of structural disruption. Evidence 

of internal molecules has been reported in a number of proteins where 

atom packing is less than perfect (Creighton, 1978, Bode and Schwager, 

1975, Quiocho and Lipscomb, 1971). The presence of such Included 

solvent molecules in the dialysed S.pombe enzyme could be facilitated 

by a less compact structure (section 5.3.2.). In addition, it has been 

proposed that bakers yeast phosphoglycerate mutase possesses a C- 

terminal flexible tail that modulates access of water to the enzyme 

active site (Winn et al., 1981). The sequence of this tail contains 

two basic amino acid residues (section 3.3.3.) which could be 

attracted to phosphate groups of the substrate or cofactor thereby 

"shutting” the tall. Whether the S.pombe enzyme has such a tail is not 

known as the C-termlnal of the enzyme has not been sequenced (section 

5-3.7.). However, the effect of cofactor on such a tail in excluding 

water from the active site could contribute towards its protective 

effect on the dialysed enzyme towards freezing.
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la view of the stability problems reported above the S.pombe enzyme 

preparation was stored at -18°C either in the phospho- (undialysed) 

form or in the apo- (dialysed) form as small aliquots which were then 

thawed once for use. Subsequent characterisation of S.pombe 

phosphoglycerate mutase was performed using the apoenzyme in the 

presence and absence of 2 mM 2,3-bisphosphoglycerate to determine 

whether the observed differences in stability of the two forms were 

reflected in any other properties of the enzyme.

5.3.2. Sedimentation analysis of S.pombe phosphoglycerate mutase.

Ultracentrifugation of the S.pombe enzyme was performed by Prof. 

Jaenicke in the presence and absence of 2 mM 2,3-bisphosphoglycerate 

as described in section 5.2.2. Sedimentation velocity measurements 

allowed the calculation of the corrected sedimentation coefficients 

(S°w,i>o) of 2.78 S and 2.3 S in the presence and absence of 2,3- 

bisphosphoglycerate respectively. These sedimentation coefficients are 

in agreement with tabulated values for proteins of Mr approximately

20,000. The difference between the two sedimentation coefficients 

suggests that upon phosphorylation the equivalent hydrodynamic volume 

of the enzyme changes to a more compact spherical shape thereby 

allowing more rapid sedimentation per unit centrifugal field. The more 

compact structure of the phosphoenzyme could explain its enhanced 

stability to periodic freezing and thawing and might also be expected 

to affect subsequent comparisons between the two forms of the enzyme.

y
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Equillbriuin sedimentation of the S. pombB enzyiae in the presence and 

absence of 2,3-bisphosphoglycerate resulted in the equilibrium 

distributions given in Appendix II as Figs. lA and 2A respectively. 

From the slopes of the In absorbance against r^ plots the Mr of the 

S.pombe enzyme was calculated as 19,900 and 22,450 in the presence and 
absence of cofactor using the equation described in Appendix II. In 

the calculation of the Mr a partial specific volume tVz) of 0.736 cm^ 

g"’ and a density (p) of 1.0021 g cm~® were used. These figures were 

determined from the amino acid composition data reported in section
5.3.6.

The presence of 2,3-bisphosphoglycerate had not been expected to alter 

significantly the calculated Mr of the enzyme as was observed in Figs. 
lA and 2A. Even if bound to the active site of the enzyme the Mr would 

not have been expected to increase by more than the Mr of the cofactor 

(Kr 360). However, careful examination of the equilibrium distribu­

tions in Figs. lA and 2A shows that the migration range over which the 

distribution was monitored differ in the two figures. In the presence 

of cofactor (Fig. lA) this range is larger and therefore includes any 

lower Mr impurities and/or proteolytic fragments. Such contaminants 

nay have been present in the enzyme preparation but could also have 

arisen during transport of the enzyme and the lengthy process of 

equilibrium sedimentation performed at 25°C. The inclusion of these 

species in the distribution may have produced the lower calculated Mr 

la the presence of 2,3-bisphosphoglycerate.
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The Mr of the native S.poabe enzyme from the equilibrium sedimentation 

data is thus approximately 22,500. Importantly there was no evidence 

of any higher Mr species in the equilibrium distribution which would 

indicate oligomer formation. The S.pomhe enzyme is therefore monomeric 

as previously reported (section 5.3.1. and Price et al., 1985b). The 

confirmation of this structural configuration has particular relevance 

to the studies reported here. The S. poabe enzyme is the only 

documented example of a monomeric cofactor dependent phosphoglycerate 

mutase. The enzyme from bakers yeast is a tetramer of Mr 110,000 

(Hermann et al. , 1983) whereas those from mammalian sources seem to be 

dimers of Mr approximately 60,000 (section 1.2.5.). Other cofactor 

dependent phosphoglycerate mutases have not been extensively 

characterised in terms of their structural configurations. The 

aonomeric S.pombe enzyme therefore allows interesting comparisons to 

be made with the oligomeric enzymes. These comparisons are considered, 

where relevant, in the studies reported within this chapter.

5̂ 3. w. Dénaturation of S. poabe phosphoglycerate mutase by GdnHCl.

5.3.3 ]  ̂ Loss of catalytic activity.

The activity of the S.poabe enzyme in the presence of GdnHCl was 

determined using the protocol described in section 2.2.4.1. 

and as applied to the assessment of the bakers yeast and rabbit muscle
enzyme activities in GdnHCl (sectlon ;.2.1. and 4.3.2.1.
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respectively). This method involved the addition of the enzyme to 

substrate and cofactor in the presence of GdnHCl and subsequent 

measurenient of 2-phosphoglycerate formation over a 3 min period. 

Therefore using this procedure it was not possible to examine the 

inactivation of the apoenzyme since on mixing with the

substrate/cofactor/GdnHCl assay it would rapidly become phosphoryl~ 

ated. The data reported below was obtained, as with the other mutases 

examined, using additions of the dialysed (apo-) enzyme which was 

presumably converted to the phospho-form during assay.

The activity of the S. pombe enzyme in the presence of GdnHCl Is shown 

in Fig. 31. There is a small increase in activity at concentrations up 

to 0.5 It GdnHCl which is followed bv a rapid decline over the ranc^
■j ^  ^

0.5-1.5 If. The midpoint of the inactivation transition is 0.35 H 

'jdnKCl. In comparison with the bakers yeast and rabbit muscle enzymes, 

where 50% inactivatiGn occurred at 0.65 and 0.55 K respectively, it is 

clear that the S.pombe enzyme is more resistant to perturbation by 

GdnHCl. This increased resistance could result from different 

secondary structure composition, for example, a higher u-helical 

content in the S.pombe enzyme. In addition, the different quaternary 

structures of the enzymes could also affect their inactivation by 

•jdnHCl. For the tetrameric bakers yeast and dimeric rabbit muscle 

enzymes dissociation into subunits at concentrations < 1 M GdnHCl 

would result in considerable loss of activity. There is some evidence
^ y » A 4- V“c -hese subunits may exhibit a partial activity relative to the 

native enzyme (Hermann et al., 1983, 1935. sections 3.3.4. and 4.3.3.) I I

; I
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5  1.0

GdnHCl (M)

Figure 31. Activity of S. pombe phosphoglycerate mutase in the presence 
of GdnHCl

Enzyme (1 unit) was added to substrate (10 mM 3-phosphoglycerate), cofactor 
(0.3 mM 2,3-bisphosphoglycerate) and the indicated concentration of GdnHCl 
in a final volume of 1 ml. 2-Phosphoglycerate formation was measured over 
n 3 min period and activity expressed relative to a control containing no 
GdnHCl (sections 2.2.4.1. and 5.3.3.1.).



and i t  may t>e th e  losi> o f  t h is  a c t i v i t y  th a t  su b se q u en tly  occurs over 

the h igher GdnHCl c o n c e n tra t io n  range (0 .7 5 .-1 .5  M ). These 

p o s s ib ilit ie s  co u ld  be examined by fo llo w in g  th e  d is s o c ia t io n  o f th e  

baiters yeast and r a b b it  muscle enzymes in  th e  presence o f  GdnHCl us ing  

techniques such as c r o s s - l in k in g  (Hermann e t  a l .  , 1981) o r l i f f h t

scattering (T a s h iro  e t  a l .  , 1 9 8 2 ). However i t  shou ld  be noted th a t  in  

the case of c r e a t in e  k in a s e , an enzyme a ls o  showing a c t i v i t y  o f  

subunit sp ec ies  (Grossman e t  a l .  , 1 9 8 1 ), in a c t iv a t io n  in  0 .5  M GdnHCl 

occurs w ith  th e  enzyme rem a in in g  in  i t s  n a t iv e  d im e r ic  s ta te  (Tsou, 

1986).

ihc i n i t i a l  in c re a s e  in  a c t i v i t y  o f the  S, poxabe enzyme observed a t  

GdnKCl c o n c e n tra tio n s  ( 0 .5  M is  p a r t i c u l a r ly  in t e r e s t in g  (F ig . 3 1 ) .  

ibis e f fe c t  co u ld  be th e  r e s u lt  o f sm a ll changes in  enzyme 

confonriâtion which produce enhanced access o f th e  s u b s tra te  a n d 'o r  

cofactor to  the a c t iv e  s i t e .  In  su pport o f t h is  c o n c lu s io n  Tsou (1936 ) 

hàb presented ev idence th a t  th e  a c t iv e  s i t e s  o f enzymes may be 

situated in  l im i t e d  re g io n s  o f h ig h e r  s t r u c t u r a l  f l e x i b i l i t y .  These 

areas v/ould presum ably be more s u s c e p tib le  to  s t r u c t u r a l  p e r tu rb a t io n  

by dénaturants such as GdnHCl. S tra m b in l and G o n n e lli (1 986 ) have a ls o  

¡"eported an in c re a s e d  " f l u i d i t y ” o f i n t e r i o r  re g io n s  o f  equ ine l i v e r  

alcohol dehydrogenase a t  p r e -d e n a tu ra t io n a l c o n c e n tra t io n s  o f GdnHCl. 

It thus seems p o s s ib le  th a t  c o n fo rm a tio n a l changes such as th ese  co u ld  

i^e^ult in  the observed a c t iv a t io n  o f th e  S.pombe enzyme between 0 and 

M GdnHCl.



«^,3^ 2. Changes In  flu o re s c e n c e .

The fluorescence emission spectra of the S.pombe apoenzyme In the 

presence and absence of 4 M GdnHCl are shown in Fig. 32. The X max of 

the native enzyme is 330 nm. In the presence of 4 M GdnHCl there is a 

red shift to a X max of 350 nm with the fluorescence intensity at 330 

nin reduced to 43% of the native value. The fluorescence spectrum of 

the enzyme in the presence of 2 K GdnHCl was essentially identical to 

that obtained in 4 M indicating that the GdnHCl Induced changes in 

fluorescence were completed following incubation at the lower 

concentration. The spectrum of the native S.pombe enzyme is similar in 

profile to that of the bakers yeast enzyme <X max of 330 and 328 nm 

respectively). In the presence of 4 M GdnHCl the spectrum of the 

S.pombe enzyme is similar to those of the bakers yeast and rabbit 

muscle enzymes and, as discussed previously (sections 3.3.2.2. and
4.3.2.2.), this profile is indicative of solvent exposed aromatic 

residues in denatured proteins (Teipel and Koshland, 1971). In the 

monomeric S.poabe enzyme the increased solvent exposure of these 

residues must result from extensive unfolding of native structure. In 

tte presence of 4 M GdnHCl the fluorescence intensity at the X max 

could be correlated to the molar tryptophan content of the S.pombe 

enzyme (5.1 mol~\ section 5.3.6.) on the basis of the enzyme molar 

fluorescence intensities observed for the bakers yeast and rabbit 

>uscle enzymes under the same conditions (section 4.3.2.2.).
, I,
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325 350
Wavelength (nm)

375

Figure 32, Fluorescence spectra of paaibe phosphoglycerate mutase 
(apoenzyme) In the presence and absence of 4 M GdnHCl.

S. pombe phosphoglycerate mutase (10.5 yg ml at 20°C. The 
fluorescence excitation was at 290 nm and the emission monitored 
between 300 and 400 nm. Instrument sensitivity was X 15.
% , enzyme in 50 mM sodium phosphate buffer, pH 7.5;

O  • enzyme in the presence of 4 M GdnHCl. Spectra of the 
£• pombe phosphoenzyme were essentially identical.



There was no detectable difference between the spectra of the 

apoenzyme in the presence or absence of 2 nK 2,3-bisphosphoglycerate 

at any of the three GdnHCl concentrations examined. This finding is 

somewhat surprising in view of the structural differences betv^en the 

apo" and phospho- forms which have been implied by the sedimentation 

velocity data (section 5.3.2.). The more compact spherical structure 

of the native phosphoenzyme might have been expected to alter the 

relative solvent exposure of some of the enzyme's aromatic residues. 

It is possible that the aromatic residues in the enzyme which are 

accessible to solvent are superficially situated and that despite some 

structural tightening in the phosphoenzyme their overall exposure is 

still high. The structural changes in the enzyme might also produce 

decreased exposure of some residues but increased exposure of others 

such that the overall levels remain unchanged. Alternatively the 

structural changes between the two forms may produce changes in their 

fluorescence spectra of a magnitude which is undetectable by the 

equipment used in obtaining these data.

The fluorescence emmission at 325 nm of the S.poabe apoenzyme in the 

presence and absence of 2 mM 2,3-bisphosphoglycerate as a function of 

GdnHCl concentration between 0 and 2 M are shown in Fig. 33. For both 

forms of the enzyme there is a sharp decline in emission between 0.5 

and 1.5 K GdnHCl with the midpoints of the transition being 0.95 and 

0.8 K for the phospho- and apoenzyme respectively. Thus while the 

native and denatured spectra of the two forms show no detectable 

differences, there is evidence of a greater resistance to transition

t

i I

129



Figure 33. Fluorescence of poiabe phosphoglycerate mutase in the 
presence of GdnHCl.

Fluorescence was recorded in 50 mM sodium phosphate buffer, pH 7.5, 
at 20̂ 0. The excitation and emission wavelengths were 290 and 
325 nm respectively and the change in fluorescence emission is 
expressed relative to the total change between O and 2 M GdnHCl. 
Fluorescence emission in the presence of 2 M GdnHCl v/as approximately 
one third that of the native enzyme (Fig. 32) . ^  , £. pombe
apoenzyme; ^  , .̂ pombe phosphoenzyme.
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between these two states in the phosphoenzyme. This increased

moreresistance to pertij^ation by GdnHCl presumably results from the 

compact structure of this form of the enzyme. Comparison of the 

transitions for the S.pombe enzyme in Fig. 33 with similar data 

obtained for the bakers yeast and rabbit imjscle enzymes (Figs. 14 and 

24 respectively) Indicate some differences. The bakers yeast enzyme 
exhibits an initial increase in fluorescence intensity followed by a 

rapid decline in emission with a midpoint of 1.1 M GdnHCl. The rabbit 

muscle enzyme shows little change in fluorescence emission up to 0.75 

M followed once again by a decline with midpoint of 1.1 M GdnHCl. Thus 

although the activity of the S.pombe enzyme appears to be more 

resistant than the other enzymes to the effects of GdnHCl (section

5.3.3.1.) the structural changes in this enzyme, as Judged by changes 

in fluorescence, occur at lower GdnHCl concentrations than the bakers 
yeast and rabbit muscle enzyroe.s.

The quenching of the fluorescence of the S.pombe apoenzyme in the 

presence and absence of 0.3 mM 2,3-blsphosphoglycerate was examined 
using acrylamide and succinlmide as described in section 2.2.5. 

Succinimide is a less effective quencher than acrylamide for deeply 

buried aromatic residues since its physical size restricts its access 

io the interior of the protein matrix (Edward, 1970). In addition, 

succinim ide quenching is reduced in aprotic environments and therefore 

buried residues may provide a micro-environment in which the quenching 

e ffe ct i s  decreased (Eftink and Ghiron, 1984). The ratio of the 

quenching efficiencies of succinimide (Ks) and acrylamide (Ka ) is
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therefore considered a sensitive oieasure of the overall solvent 

exposure of the aromatic residues of a protein. The Stern~Volmer plot 

of fluorescence quenching In the S.pombe enzyme is shown in Fig. 34. 

The Ks/K« ratio calculated from the slopes of the succlnlmlde and 

acrylamide quenching is 0.48. The ratios for the bakers yeast and 

rabbit muscle enzymes are 0.33 and 0.43 respectively (section

4.3.2.2.). Eftlnk and Ghiron (1984) have reported Ks /Ka ratios between 

0.1 for aldolase and 0.64 for lysozyme in a range of multi-tryptophan 

containing proteins examined using the same protocol as employed here. 

Clearly, these values indicate that the aromatic residues in the 

S.pombe enzyme are more solvent exposed than those of the bakers yeast 

and rabbit muscle enzymes. In addition, the exposure of these residues 

is towards the upper end of the range reported by Eftink and Ghiron 
(1984).

The presence of 0.3 mM 2,3-bisphosphoglycerate had no effect on the 

quenching of fluorescence in the S.pombe enzyme (Fig. 34). It 

therefore appears that the structural tightening in the phosphoenzyme, 

aanifest as differences in its sedimentation velocity and thermal 

stability, does not affect the relative accessibility of the native 

enzyme's aromatic residues to either of the quenchers examined. This 

observation is consistent with the identity observed between the 

fluorescence spectra of the apo- and phosphoenzymes (Fig. 32).

I !
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Figure 34. Stern-Volmer plot for quenching of fluorescence in 
S_. pombe phosphoglycerate mutase.

On the ordinate F and F© refer to the fluorescence in the presence 
and absence of quencher respectively. The initial enzyme concen­
tration was 17 yg ml"̂ . 0  Q  , quenching by acryleuDoide;
^ t quenching by succinimide; ^  , apoenzyme;

O ^  » apoenzyme in the presence of 0.3 mM 2,3-bisphospho-
glycerate.



Changes In circular dlchrolgm.

The circular dlchrolsm spectra of the S.poabe apoenzyme in the 

presence and absence of 2 nM 2,3-bisphosphoglycerate are shown in Fig. 

35. Clearly the spectra of the two enzyme forms differ both In profile 

and in ellipticity over the wavelength range studied. Using the 
reference value of pure helix at 210 and 225 nm (Chen et aJ., 1974) 

the helical component of the apoenzyme may be estimated as 32 ± 61 and 

that of the phosphoenzyme 43 ± 12%. An unpublished spectrum of the 

S.pombe enzyme obtained by Price is very similar to that of the 

phosphoenzyne in Fig. 35 and produces a calculated helical component 

of 42 ± 2.5% using the method of Siegel et al. (1980). Price has 

indicated that the enzyme from which this sp>ectrum resulted was not 

extensively dialysed and was therefore likely to be phosphorylated 

(Price, personal communication). The native S.pombe enzyme therefore 

appears to have approximately 30% helical structure in the apo- form 

and approximately 40% in the phospho- form. This range of values is 

considerably higher than the estimates for the bakers yeast and rabbit 

muscle enzymes of 21 ± 4% and 12 ± 1% respectively. This high helical 

component may in part explain the increased resistance of the S.pombe 

enzyme to inactivation by GdnHCl (section 5.3.3.1.).

It is difficult to envisage that phosphorylation of the S.pombe enzyme 

could result in such a large increase in helical structure Implied by 

the spectra in Fig. 35. These spectra were obtained on separate 

occasions and their calculation was therefore dependent on separate
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210 220 230 2^0
Wavelength (nm)

Figure 35. Circular dlchroism spectra of pombe phosphoglycerate 
mutase.

Enzyme in 50 mM sodixim phosphate buffer, pH 7.5, at 20°C. £. pombe
Phosphoenzyme ( 0  ) and apoenzyme ( ^  ) .
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protein deterninatlons. Any Inaccuracies in such determinations could 

ia part explain the numerical differences between the two spectra, 

levertheless, the profile of these spectra do differ markedly and 

there is evidence from other sources that the structure of the two 

enzyme forms are not identical. It is therefore possible that the 

observed differences between the two spectra are a true reflection of 

structural changes such as a-helix or p-turn formation occuring on 

addition of 2,3-bisphosphoglycerate and therefore phosphorylation of 

the enzyme.

The spectra of the S.pombe apo- and phosphoenzyme in the presence of 4 

M GdnHCl are shown in Fig. 36. Both spectra have a profile that is 

similar to that of unordered structure in proteins (Chang et al., 

1978). The ellipticity values differ in the two enzyme forms. However, 

possible error in protein determination discussed above could in part 

explain these differences.

The ellipticity at 225 nm of the S.pombe apo- and phosphoenzymes as a 

function of GdnHCl concentrations between 0 and 2 M is shown in 

Fig. 37. This data is normalised to the total change in ellipticity 

observed between 0 and 2 M GdnHCl thereby removing the possible 

contributions of protein concentration. For comparison similar 

normalised data for the bakers yeast and rabbit muscle enzymes is 

shown in Fig 38. The midpoints of the transition between 0 and 2 M 

GdnHCl are 0.95 M for the S.pombe apoenzyme, 1.15 M for the S.pombe 

phosphoenzyme, 1.1 M for the rabbit muscle enzyme and 1.2 M for the
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Figure 36. Circular dlchroism spectra of pombe phosphoglycerate 
mutase in the presence of 4 M GdnHCl.

Enzyme in 50 mM sodiiom phosphate buffer, pH 7.5, at 20°C in the 
presence of 4 M GdnHCl. £. pombe phosphoenzyme ( 0  )
and apoenzyme ( ) .

, I,



Figure 37. Ellipticity at 225 nm of S. potnbe phosphoglycerate 
mutase in the presence of GdnHCl.

Circular dichroism was recorded in 50 mM sodium phosphate buffer, 
pH 7.5, at 20OC. Ellipticity at 225 nm is expressed relative to 
the total change between O and 2 M GdnKCl. ^  pombe
apoenzyme; 0  , £. pombe phosphoenzyme.
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Figure 38. Ellipticity at 225 nin of baker's yeast and rabbit 
muscle phosphoglycerate mutases in the presence of 
GdnHCl.

Circular dichroism was recorded in 50 mM sodium phosphate buffer, 
pH 7,5, at 20°C. Ellipticity at 225 nm is es^ressed relative to 
the total change between O and 2 M GdnHCl. ^  , bcdcer's
yeast enzyme; 0  , rabbit muscle enzyme.



bakers yeast enzyne. The midpoints of all three 2,3- 

blsphosphoglycerate dependent enzymes thus occur within a similar 

range. This finding is not necessarily surprising because ellipticity 
at 225 nm is considered a sensitive index of helical structure. Since 

helical structure is relatively resistant to dénaturation then its 

pertubation in GdnHCl may occur without influence from other 

structural elements that are present in the native protein; these 

elements having been disrupted at lower GdnHCl concentrations. As such 

it could thus be envisaged that the loss of ellipticity at 225 nm, as 

a function of its total change between native and denatured values, 

night occur over a similar GdnHCl concentration range in a variety of 
proteins.

Once again there is evidence of structural differences between the 

apo- and phospho- forms of the S. pomhe enzyme. The lower transition 

midpoint in the apoenzyme is Indicative of a structure more 

susceptible to perturbation by GdnHCl (Fig. 37). A similar shift to a 

lower GdnHCl concentration during the fluorescence transition was 

observed for the apoenzyme and it may be that its more open structure 
contributes to these effects.

^ 4. iSufSceptibility of native S.pambe phosphoglycerate mutase to 
protêt

effects of the four protelnases, trypsin, chymotrypsin, 

thermolysin and proteinase K on the activity of the native S.pombe

I
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phospho- and apoenzynes are shown Figs. 39 and 40 respectively. The 

phosphorylated enzyne is clearly extrenely resistant to the four 

proteinases with Ï 75% activity remaining after 120 min incubation 

(Fig. 39). In contrast the apoenzyme is considerably more sensitive to 

inactivation with approximately 25% activity remaining after 120 min 

incubation with thermolysin and i 5% in the case of the other three 

proteinases (Fig. 40). The marked difference in proteinase sensitivity 

between these two forms suggests that the phosphoenzyme has a irnsre 

compact structure with less sites accessible to proteolytic attack. 

This conclusion is supported by the sedimentation velocity

measurements on the S.pombe enzyme which have indicated that the 

phosphoenzyme has a more compact spherical shape. It is also possible 

that the presence of the phosphoryl group at the active site of the 

enzyme has some direct protective rôle towards local susceptible 

sites.

Price et al. (1985a) have also reported that rabbit muscle

phosphoglycerate mutase is less susceptible to proteolysis by 

thermolysin when in the phospho- form.

I'ig. 40 shows that addition of 2,3-bisphosphoglycerate to the 

apoenzyme completely restores its resistance to proteolytic 

inactivation. The minimal inactivation observed in the presence of 

cofactor is similar to that of the undialysed phosphoenzyme (Fig. 39). 

The protective effect conferred by the added cofactor is similar to 

Its rôle in restoring the apoenzymes resistance to freezing and

I ■
I I.
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Figure 39. Effect of proteinases on the activity of pombe phospho- 
glycerate mutase phosphoenzyme.

Native enzyme 75 yg was incubated in 50 mM sodium phosphate buffer,
pH 7.5, at 20°C in the presence of the following proteinases all at 
75 yg ml“ ;̂ 0  , trypsin; , Chymotrypsin; Q  >
thermolysin auid ^  , proteinase K.



Figure 40. Effect of protéinases on the activity of £. pombe phospho- 
glycerate mutase apoenzyme.

Native enzyme 75 yg ml“  ̂was incubated in 50 mM sodium phosphate buffer, 
pH 7.5, at 20°C in the presence of the following proteinases all at 
75 yg ml” ;̂ 0  , trypsin; A   ̂chymotrypsin; Q  '
thermolysin ¿md ^  , proteinase K.
Enzyme in the aüssence ( - 
2,3-bisphosphoglycerate.

) cuid presence (• ) of 2 mM



thawing. In combination these findings suggest that the structural 

changes between the two forms are readily reversible upon addition or 

removal of the cofactor.

The proteolytic inactivation of the dialysed (apo- ) enzyme shown in 

Fig. 40 may be compared with that the bakers yeast enzyme (Fig. 16>. 

Similar rates of inactivation are observed in both enzymes. However,

in the case of the S. pombe enzyme the relative concentration of

proteinase to enzyme was 100% w/w < i.e. both 75 pg ml~M whereas in 

the case of the bakers yeast enzyme the exposure was at Í 10% w/w

(i.e. proteinase i 40 pg ml~’, enzyme 400 pg ml"’). The S. pomb<B enzyme

is thus approximately 10 fold more resistant to proteolytic 

inactivation on w/w expo.sure basis. It is likely that the S. pcmbe 

enzymes mcnomeric confirmation and its relatively high helical content 

contribute significantly to this resistance.

In general the loss of activity in the apoenzyme (Fig. 40) was 

issociated with extensive degradation of the polypeptide chain as 

Judged by SDS-PAGE analysis. In no case was there any evidence of 

prcteclytic fragments of Mr ' 6500. The phosphoenzyme exhibited little 

1Í any degradation in accordance with the small losses In activity 

observed (Fig. 30).

I .
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Renaturation oí S. pombe phosphoglycerate ñútase.

Renaturation of S.pombe phosphoglycerate mutase was initially studied 

using the apoenzyme. There was some evidence that renaturation of the 
apoenzyme in the presence of 2,3-bisphosphoglycerate produced higher 

levels of reactivation. Unfortunately there was not sufficient time to 

examine fully the potentially interesting effects of the cofactor 

and/or substrate on the reactivation of the S.pombe enzyme. The data 

considered below therefore refers to the apoenzyme only.

5.3.5. 1. Reactivation in the absence of protelnases.

Reactivation of the S.pambe enzyme was studied following dénaturation 

In 2 M GdnHCl for 40 min. Reactivation was Initiated by a 10 fold 

dilution resulting in a residual refolding concentration of 0.2 M 

GdnHCl. These conditions differed from those used in the examination 

of the bakers yeast and rabbit muscle enzymes where dénaturation in 4 

X GdnHCl for 15 min followed by 40 fold dilution to 0.1 M was 

employed. The requirement for the use of these modified conditions 

resulted from the smaller amounts and lower concentrations of the 

S.pombe enzyme available. The enzyme preparation produced as described 

in section 5.2.1. was generally between 200 and 400 pg ral~''. Therefore 

to study refolding of the S. pombe enzyme at concentrations of 

approximately 30 pg ml~’ required a maximum 10 fold dilution. From 4 M 

GdnHCl this would produce a residual concentration of 0.4 M which was 

considered unacceptable. On the basis of these considerations the 2 to
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Û.2 M GdnHCl transition was used. Fluorescence neasureinents had 

indicated that the spectra of the S.pombe enzyme in the presence of 4 

and 2 M GdnHCl showed identity following 15 min incubation (section

5.3.3.2.). Furthernore, activity measurements Indicated that the 

enzyme was totally inactive in 2 K GdnHCl (section 5.3.3.1.). 
Therefore, these modified conditions for dénaturation and reactivation 

were considered suitable to favour the production of the denatured and 

native enzyme forms.

Preliminary attempts at reactivation of the S.pombe apoenzyme produced 

rather variable and low yields of activity (60 ± 20% of control

activity). The reactivation occu^ed rapidly within 2 min of the 

initiation of renaturation. Yields of reactivation increased 

significantly following the inclusion of 1 mM dithiothretiol during 

the dénaturation and reactivation processes. This reductant had been 

included during earlier studies on the bakers yeast and rabbit muscle 

enzymes. The improved reactivation of the S.pombe apoenzyme at 

concentrations between 1 and 25 pg ml“' during renaturation is shown 

in Fig. 41. The rapid reactivation of the S.pombe apoenzyme to 

approximately 85% of control activity within 4 min of reactivation is 

not significantly affected by the renaturing concentration. This 

finding is in contrast to the kinetics of reactivation of the other 

cofactor dependent enzymes examined. In the bakers yeast enzyme

increasing renaturing concentration between 10 and 50 fig ml ' leads to 

Increasing rate and yield of reactivation (section 3.3.4.1. ). In the 
rabbit muscle enzyme increasing renaturing concentration above 10 fig

! !,
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Figure 41. Reactivation of £. pombe phosphoglycerate nutase
25 ygRenaturation of the apoenzyme at;

12 yg ml” ;̂ Q  » 4 yg ml“ ;̂ _1 yg ml“  ̂in 50 mM sodium phosphate buffer, pH 7.5, at 20°C.
2 yg ml”  ̂and A



il-’ leads to enhanced formation of inactive intermolecular aggregates 

(section 4.3.3.1.). In contrast to these systems, the reactivation of 

tte S.poabe enzyme appears to be a first order process with no

dependence on high order reactions of subunit association or

aggregation exhibited in the oligomeric systems.

On the basis of a first order reaction process of reactivation between

0 and 85% reactivation a minimum value for the rate constant may be

calculated. From Fig. 41 it is evident that within 30 s of
rreactivation approximately 75% reactivation has occuij^d which

represents 88% of the 0 - 85% reactivation transition. Therefore, at 

least three periods of the first order reaction have elapsed and t^ 

is thus Í 10 s. From the standard first order equation the rate 

constant k is therefore  ̂ 0.07 s”’.

The incoi^lete reactivation of the S. paabe apoenzyme may be indicative 

of the formation of an inactive enzyme species. The concentration 

independence of the yield of reactivation is strong evidence against a 

process of inte molecular aggregate formation. A con5>etlng process 

such as this would have higher order kinetics and therefore would be 

reduced at lower enzyme concentrations. It is possible that the 

conditions of renaturation, i.e; temperature, buffer coiiq>osltion, 

ionic strength, pH, presence of dithiothretlol, might contribute to 

the formation of an inactive enzyme species. Indeed, the increased 

yields of reactivation of the S.poabe apoenzyme following the 

Inclusion of dlthiothretiol suggests that the enzyme could possess one
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or more thiol groups which could be "damaged" during the 

dénaturâtion/renaturation process. As reported in section 5.3.6. the 

S.pombe enzyme does have one titratable cysteine per mole of enzyme 

although this residue does not appear to be essential for activity in 

the native form (Price et al., 1985b). Preliminary evidence also 
indicated that renaturation of the S.pombe apoenzyme in the presence 

of cofactor produced higher levels of reactivation. The enzyme 

cofactor and/or substrates may thus have some function as a "template" 

during renaturation thereby enhancing the formation of active species.

A further effect on reactivation may result from the residual 

concentration of GdnHCl (0.2 M) present during renaturation. This 

concentration has been shown to Increase the enzymes activity some 1511 

above that of the "native" level (section 5.3.3.1.). Both the 

renaturing enzyme and the native control system (on which the 

percentage reactivation was based) contained this concentration of 

GdnHCl. However, if the effect of the residual GdnHCl concentration 

were different in the native (undenatured) and renatured enzymes then 

the apparent reactivation might be affected. Clearly a more detailed 

examination of the reactivation of the S. pombe enzyme and the effects 

of the presence and absence of cofactor and/or substrates might define 

conditions under which higher levels, if not conç>lete, reactivation 

would be obtained.

A similar pattern of Incomplete reactivation has been reported during 

studies into the refolding of the monomeric enzyme octoplne 

dehydrogenase (Teschner et al., 1987). As considered in section 1.7.2.
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this enzyme refolds to yield 70% of the total species in a native and 

active configuration. The remaining 30% comprises inactive species 

which are not aggregates but seem to represent incorrectly folded 

Bonomers that cannot proceed further to the native configuration. The 

formation of these species as a competing reaction to the correct 

pathway of in vitro refolding may indicate a possible rôle for co- 

translational processes controlling the folding of large monomeric 

proteins in vivo. Whilst the S.pombe enzyme is a smaller protein than 

octopine dehydrogenase and may therefore possess fewer folding

domains, a similar Inability of in vitro refolding to mimic the

conditions of in vivo folding may also contribute to the Incomplete 

reactivation observed for the S.pombe enzyme.

5.3.5.2. Reactivation in the presence of protelnasfia^

The reactivation of the S.pombe apoenzyme at 12 pg ml ’ was also

examined following a 1 min proteinase pulse of 20 pg ml“’ trypsin, 

Chymotrypsin, theraolysln and proteinase K. The renaturing enzyme was 

diluted to the standard concentration of 10 pg ml“’ during the 

proteinase pulse. The proteinase treatments had no effect on the 

native S.pombe apoenzyme activity either in the presence or absence of 

the residual concentration of GdnHCl during renaturation (0.2 M).

The reactivation of the S.pombe apoenzyme following the proteinase

pulse is shown in Fig. 42. The protelnases trypsin and thermolysin had 

Û0 effect on the reactivation of the enzyme in comparison with the
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Figure 42. Reactivation of £  pombe phosphoglycerate nutase at
12 yg assessed following a one minute proteinase
pulse of 20 yg ml"^.

£  pombe apoenzyme renaturing in 50 mM sodium phosphate buffer, 
pH 7.5, at 20*̂ 0 was diluted to a standard concentration of 
10 yg ml“  ̂ at the indicated times and incubated for 1 min at 20*̂ 0 
prior to assay in the presence of the following proteinases at 
20 yg ml“ ;̂ ^  , trypsin; , chymotrypsin;

Q  , thermolysin and , proteinase K.
activity measured following dilution and incubation in the 
absence of proteinase.
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control systen in which samples of renaturating enzyme vrere Incubated 

in buffer for 1 nln. Chymotrypsin and proteinase K produced a small 

reduction In activity regained at the earliest time points (0.5 mln> 

of renaturation. These findings clearly Indicate that the reactivation 

of the S.pombe apoenzyme is accompanied by the rapid formation of a 
tertiary structure which resembles the native enzyme In terms of Its 

resistance to proteolytic Inactivation. Only at very early time points 

during this process is there any evidence of the presence of a species 

with marginally differing proteinase susceptibility. This form 
presumably has a more open or unfolded structure than the native 

enzyme thereby exposing normally buried sites to proteolytic attack.

The structural changes occurring during reactivation of the S, pombe

apoenzyme might be more readily examined at lower temperatures of
r

renaturation. Under these conditions the rapid events occui^ng within 

the first minutes would be slowed down and would therefore be more 

accessible to study using the proteinase pulse technique. It might 
also be possible to use alternative techniques, such as intramolecular 

gluts raldehyde cross-linking, to freeze species during the

renaturation of the S.pombe enzyme. The susceptibility of the activity 

and structure of these species to proteolysis could then be examined 

in more detail.

Careful comparison of the reactivation of the S.pombe apoenzyme shown 

in Fig. 4 1 with the control (buffer incubated) reactivation in Fig. 42 

reveals that a higher level of reactivation is obtained after 0.5 min
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of renaturation in the latter case. This difference results from the 

technique of incubating the enzyme in buffer for 1 min as a control to 

the proteinase "pulses" used in the other treatments shown in Fig. 

42. Clearly this pulse allows an additional 1 min of renaturation. In 
comparison during the reactivation experiments described in section

5.3.5. 1. samples were assayed directly from the renaturation mixture. 

After 4 min of renaturation the data in both Figs. 41 and 42 and 

show equivalent reactivation levels of 85%.

5.3.6. Amino acid analysis of S.paabe phosphQglYcerate nutasa^

The tryptophan content of the S.pombe enzyme was determined by the 

spectro photometric method of Edelhoch (1967) as described in section

5.2.6. A value of 5.1 moles of tryptophan per mole of enzyme was 

obtained. The cysteine content of the enzyme was determined by 

titration with Ellmans reagent as described in section 5.2.6. 

Under native conditions there was one titratable cysteine residue per 

mole of enzyme and this value was not Increased under denaturing 

conditions in the presence of SDS. Price et ai. (1985b) have reported 

that the S,poabe enzyme is not Inactivated by the cysteine specific 

modifying reagent potassium tetrathionate. It thus appears that the 

cysteine residue titrated in the native enzyme is not essential for 

activity. The remainder of the amino acid composition of the S.pomhe 

enzyme was determined by Prof. J. Fothergill at the University of 

Aberdeen.
i ■\ '
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The complete amino acid composition of the S.poabe enzyme is given in 

Table II A of Appendix II. This data is based on an assumed Kr of
23,000 and a mean residue weight of 112. The i&ethods of Cornish-Bowden 

(1983) for comparison of protein relatedness from amino acid 

composition are of little use where the proteins differ considerably 

in size (Ia  ̂ Nr ± 18, section 4.2.4.4.). It was therefore not 
appropriate to compare the S.poabe enzyme data with the bakers yeast 

or rabbit muscle amino acid compositions. However, it was considered 

possible that the interesting differences in quaternary structure 

between the three enzymes iS. poabe; monomeric, bakers yeast; 
tetrameric and rabbit muscle dimeric) might originate from their 

relative “hydrophilic" and "hydrophobic" amino acid compositions. It 

has been suggested that a high hydrophobic amino acid component may 

favour oligomer formation (Fisher, 1964 ). In situations where all

hydrophobic residues cannot be buried within the interior of a 

protein, the formation of an oligomeric structure provides additional 

shielding of hydrophobic sites in the inter subunit contact regions. A 

number of indices of amino acid hydrophobicity have been reported 

(Rose, 1978, Zimmerman et aJ. , 1968, von Heijne and Blomberg, 1979)

however the hydropathy scale of Kyte and Doolittle (1982) is reported 

to overcome some problems associated with these earlier models. The 

hydropathy of each amino acid is calculated with reference to its 

water-vapour transfer free energy and its documented distribution 

within a range of proteins. The hydropathy values for each amino acid 

are given in Table II A of Appendix II with the more negative values 

Implying more hydrophilic polar residues. By summing the hydropathy
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values of all the anino acid within a protein and dividing by the 

number of residues in the sequence a GRAVY score may be obtained (Kyte 

and Doolittle, 1982). Application of this technique to the amino acid 
compositions of the bakers yeast, rabbit muscle and S.pomhe enzymes 

gives values of -0.262, -0.259 and -0.371. Kyte and Doolittle have 

examined 84 soluble proteins in their studies and calculated GRAVY 

values of between approximately 0 and -0.6. Membrane embedded proteins 

examined had values between 0.5 and 1.5. The less negative GRAVY 

scores in the bakers yeast and rabbit muscle enzymes are therefore 

indicative of a slightly higher hydrophobic component relative to the 

S.pombe enzyme. It is thus tempting to speculate that this difference 
might be related in part to the observed differences in quaternary 
structure between the three enzymes.

C O ' ? AffilnQ acid sequence of S.pamhe phosphoglycerate mutase.

A proportion of the amino acid sequence of the S.ponbe enzyme was 

determined by Prof. J. Fothergill at the University of Aberdeen. The 

sequence of the clostripain and chymotrypsln peptides obtained 
following proteolysis of the S.pombe enzyme are given in Table III A 

of Appendix II. These peptide sequences were compared with the 

published sequence of bakers yeast phosphoglycerate mutase (Fothergill 

aad Harkins, 1982) and arranged to give optimal alignment of residues. 
The complete sequence of the bakers yeast enzyme with the aligned 

peptides is given in Fig. 43. Areas of homology between the two 

enzymes are indicated by "blocking" and correspond to 50 residues of
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the 105 sequenced In total. Unfortunately there are no overlaps 

between the peptides from clostripain and chynotrypsln and the H- and 

C-terminal regions remain undefined. The sequencing of the S.ponbe 

eazyme is being pursued by the University of Aberdeen group and 
therefore the complete sequence of the enzyme should soon be 
available.

The homology between the bakers yeast enzyme and the partial S.pombe 

sequence is approximately 48%. This high degree of homology implies a 

close phylogenetic relationship between the enzymes from the two 

yeasts. Of particular interest is the considerable homology around 

histidine residues 8 and 179 of the bakers yeast enzyme sequence since 

these areas are known to form the active site of this enzyme (Vlnn et 

al., 1981). Histidine 8 is thought to mediate the phosphoryl transfer 

between the 3- and 2-carbon positions of the substrate (section

1.2.1.). It thus seems possible that the active site and mechanism of 

action in S.pombe phosphoglycerate mutase may be similar to that of 

the bakers yeast enzyme. Further sequence information and mechanistic 

studies would hopefully verify this tentative conclusion.

la the bakers yeast enzyme two types of intersubunit contact are 

present (Campbell et al., 1974). Contact I, which is thought to be 

present in both dimeric and tetrameric phosphoglycerate mutases, is 

comprised of the residues from loop 3 (133-140) and helix 5 (153-165) 

oi the bakers yeast sequence. Contact II, which is only thought to 

62tist in the tetrameric enzyme is comprised of the residues from helix
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2 and adjoining chain sequences (54-76). These regions are as yet 

largely unmapped in the S.pombe enzyme but would be expected to show 

considerably less homology than other areas in view of the enzymes 

■onomerlc configuration. Furthermore, since the S.pombe enzyme has an 

Mr approximately 4000 to 5000 lower than the bakers yeast subunit then 

its polypeptide chain must be some 35-45 residues shorter. Assuming an 

evolutionary relationship between bakers yeast and S.pombe then 

deletion of 35-45 amino acids from the former enzymes subunit contact 
regions would both lower the protein Mr and also produce a its 

nonomeric S.pombe “type" configuration. Once again the confirmation of 

this proposal will depend on further sequence information.

Clearly the S.pombe and bakers yeast phosphoglycerate mutases provide 

a suitable vehicle to study the process of oligomer formation. Since 

deletion of residues in the subunit contact regions may have led to 

the formation of the S.pombe monomer then it could be possible to 

introduce suitable deletions or mutations into the bakers yeast 

sequence (defined by the changes observed in the S.pombe enzyme) which 

night be expected to produce active bakers yeast enzyme in structural 

conformations of dimers and monomers.

I .
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^1. IHTRQDUCTIQH.

The cofactor Independent and cofactor dependent phosphoglycerate 

Butases do not appear to be closely related structurally or 

lechanistically. This fact may have some evolutionary significance In 

relation to the phylogenetic distribution of these two groups (section
1.1.1.). Cofactor independent phosphoglycerate mutases catalyse the 

iatramolecular transfer of the phosphoryl group between 3- and 2- 

phosphoglycerates. A phosphoenzyme intermediate has never been 

isolated and therefore the nature of the amino acid residue mediating 

this transfer is unknown. In contrast, the cofactor dependent enzymes 

catalyse an Intermolecular phosphoryl transfer mediated by a histidine 

residue (section 1.1.2.).

Cofactor independent phosphoglycerate mutases seem to have a common 

structural pattern characterised by a monomeric configuration, Mr of 

approximately 60,000, inability to bind Cibacron Blue F3GA and 

resistance to vanadate inhibition (section 1.3.4.). In contrast the 

cofactor dependent enzymes have a range of structural configurations 

(monomer, dimer, tetramer), a basic subunit Mr of between 20,000 and

30,000, bind Cibacron Blue F3GA and are inhibited by vanadate (section

1.2.5.). The pH optima of the two enzyme groups also differ, being pH 

9 for the cofactor independent and pH 7 for the cofactor dependent 
enzymes (Grisolia and Carreras, 1975). Finally there is some evidence 

that the cofactor independent phosphoglycerate mutases have a metal > i
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Ion requirement for activity and possibly for structural regain 

following dénaturation in GdnHCl (sections 1.3.1. and 1.3.2.).

On the basis of these mechanistic and structural differences it was 

considered of Interest to further examine the pattern of chelator

sensitivity (and thus metal ion requirement) and native Mr of a range

of cofactor independent phosphoglycerate mutases. These studies were 

performed on partially purified extracts from various plant and fungal 
sources. Refolding of purified phosphoglycerate mutase from wheat germ 

and Aspergillus nidulans, and the effect of metal ions on these 

reactions, were also examined. Purification of the wheat germ enzyme 

was performed using two previously published procedures (Leadley et 

aL, 1977, Smith and Hass, 1985) while that for A nidulans was

designed and developed. It was also hoped to define the nature of the 

metal ion requirement of these two enzymes by inhibition with

chelator followed by the addition of various metal ions in excess. A 

similar approach had proved successful in implicating a Mn=̂ * ion
arequirement for the activity of the phosphoglycerate mu-^es from 

Bacillus subtilis and Bacillus megateriua (Vatabe and Freese, 1979, 

Singh and Setlow, 1979).

!
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 ̂ METHODS.

ft.2.1. Preparation of partially purified phosphoglycerate nutases.

Crude extracts from various sources were fractionated using (FHitlzSOA 
to give partially purified enzyme preparations for chelator 

sensitivity and Mr determinations. Standard (NH4)2S04 fractionation 

involved the addition of solid (ITHa )2;S0 a to the required saturation, 

stirring for 30 min at 4̂ ’C followed by centrifugation at 25,000 g for 

20 min to recover precipitated protein. Unless otherwise stated 

standard 50 mM sodium phosphate buffer, pH 7.5, was used throughout. 

In addition, all buffers used for the isolation and storage of enzyme 

preparations contained 1 mM phenylmethylsulphonyl fluoride and 1 mM 

benzamidine (both freshly prepared and added). The source of the 

bacterial and fungal strains was as indicated in section 2.1.1.

S.2.1.1. Preparation of 2.3-bisphosphoglycerate dependent 

phosphoglycerate mutases.

Cofactor dependent activity was isolated from the following sources;

Klebslf̂ lla aeragenes; K. e^ogenes was grown for 24 h at 37°C in 

nutrient broth. Cells were obtained by centrifugation of the culture 

at 23,000 g for 30 min. The cell pellet was ground with an equal 

weight of alumina in a pre-cooled mortar at 4°C. Two volumes of buffer 

were subsequently added and the crude extract recovered by
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faftturtlum seedlings; A crude extract of nasturtium seedlings 

containing phosphoglycerate mutase activity was supplied by 

Dr. J. S. G. Reid, University of Stirling, Scotland.

S^urospora crassa; Purified phosphoglycerate mutase and a <lfH4 )zS04 

fractionated crude extract from N.crassa were the kind gift of 

Dr. S. M. McAleese, University of Aberdeen, Scotland. Phosphoglycerate 

autase from S.crassa was assayed at 30°C in 0.5 M Tris-HCl buffer, pH

8.0, containing 10 mK 3-phosphoglycerate, 5 mM MgSÔ . and 40 pg <1.6 

units) of enolase in a volume of 1 ml. A unit of enzyme activity was 

defined as producing an increase in A24.0 of 0.1 min~’. The specific 

activities of the purified and <ITHa )2;S0a fractionated enzyme 
preparations were 3400 units mg“’ and 480 units mg“’ respectively.

6.2.2. Chelator sensitivity of cofactor dependent and independent

phQsphQgly.carate nutases.

The sensitivity of phosphoglycerate mutases to the chelators 

ethylenediamlnetetraacetate (EDTA) and 8-hydroxyquincline sulphonate 

(HQSA) were examined in 100 mM Tris-HCl buffer, pH 8.7, at 20°C 

essentially as described by Smith and Hass (1985). Enzyme preparations 

were dialysed into this buffer and diluted to give between 25 and 50 

activity units ml“’. After equilibration at 20°C EDTA and HQSA were 

added to a final concentration of 1 mM and phosphoglycerate mutase 

activity monitored over 180 min incubation. Enzyme activity was 

determined using the standard pH 7.0 enolase coupled assay
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ff 9..i, Isolation of phosphoylycerate nutase from A.nldulans.

A. nidulans was cultured in the liquid growth medium described in 

Appendix I at 37°C for 24 h in an orbital incubator. The mycelia were 

harvested from the medium by filtration, generally yielding 75 g wet 

weight from 4 litres of culture. All subsequent procedures were 

performed at 4°C unless otherwise stated.

A. nidulans mycelia were ground with an equal weight of acid washed 

sand in a pre-cooled mortar for 5 min. Two volumes of 50 mM sodium 

phosphate buffer, pH 7.5, containing 1 mM phenylmethylsulphonyl 

fluoride (freshly prepared and added) were mixed with the ground 

material and the crude extract recovered by centrifugation at 15,000 g 

for 20 min. The crude extract was taken to 67% (NHa >2S0a saturation by 

the addition of solid and after stirring 30 min the supernatant was 

recovered by centrifugation at 27,000 g for 20 min. The supernatant 

was taken to 95% (IHa )z.S0a saturation and the protein precipitating in 

this 67-95% range was recovered by centrifugation at 27,000 g for 20 

min. The precipitated protein was dissolved in 10 ml of 50 mM sodium 

phosphate buffer, pH 7.5, containing 1 mM phenylmethylsulphonyl 

fluoride and dialysed overnight against 2 litres of 10 mM Trls-HCl 

buffer, pH 8.0. The dialysis residue was applied to a column of QAE- 

cellulose ( 30 cm x 3.8 cm^) equilibrated against the Trls buffer. 

After washing the column with 100 ml of 10 mM Tris-HCl buffer, pH 8.0, 

containing 75 mM HaCl, phosphoglycerate mutase activity was eluted 

using a gradient formed between 100 ml Tris buffer containing 100 mM
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HaCl and 100 ml T r is  b u f fe r  c o n ta in in g  300 mX H aC l. The f r a c t io n s  

conta in ing  peak a c t i v i t y  were poo led  and fre e z e  d r ie d .  The ly o p h l l iz e d  

m ateria l was re d is s o lv e d  in  one f i f t h  th e  volume o f  w a te r and d ia ly s e d  

against 2 l i t r e s  o f 10 mM T r is -H C l b u f f e r ,  pH 8 .0 ,  The d ia ly s is

residue was a p p lie d  to  a column o f C lb acro n  B lue F3GA-sepharose

(5 cm X 4 .9  cnP) e q u i l ib r a t e d  a g a in s t th e  T r is  b u f fe r .  Phospho- 

g lycera te  mutase a c t i v i t y  was not r e ta in e d  by t h is  a f f i n i t y  m edia and 

was e lu te d  w ith  the  T r is  b u f fe r .  Peak f r a c t io n s  were p o o led  and 

applied to  a column o f D E A E -c e llu lo s e  <15 cm x 1 .8  cnF) and a f t e r  

washing w ith  100 ml o f  T r ls -H C l b u f fe r ,  pH 8 .0 ,  ph ospho g lycera te

mutase a c t i v i t y  was e lu te d  us in g  a g ra d ie n t  form ed between 75 ml o f 

Tris  b u f fe r  c o n ta in in g  25 mM NaCl and 75 ml o f T r is  b u f fe r  c o n ta in in g  

150 mM NaCl. The f r a c t io n s  c o n ta in in g  peak a c t i v i t y  were poo led , 

freeze d r ie d  and re d is s o lv e d  in  one f i f t h  th e  volume o f w a te r . The 

red isso lved  m a te r ia l was d ia ly s e d  a g a in s t 2 l i t r e s  o f 50 mM sodium  

phosphate b u f fe r ,  pH 7 .5 ,  and a p p lie d  to  a S ep h ac ry l S -300  column 

(38 cm X 4 .9  cn F ). P ho sp h o g lycera te  mutase a c t i v i t y  was e lu te d  and 

fra c tio n s  c o n ta in in g  maximal a c t i v i t y  were d ia ly s e d  in d iv id u a l ly

against s e v e ra l changes o f  10 mM T r is -H C l b u f f e r ,  pH 8 .0 .  A f te r  

d ia ly s is  th e  f r a c t io n s  were fre e z e  d r ie d ,  re d is s o lv e d  in  one te n th  the  

volume o f  w a te r and a n a ly sed  by SDS-PAGE. Those showing > 80% 

homogeneity a f t e r  s ta in in g  w ith  Coomassle b lu e  R250 were p o o led  and 

stored a t  ~18°C . P r io r  to  use th e  p o o led  enzyme p re p a ra t io n  was 

d ia lysed  a g a in s t   ̂ 500 volumes o f a p p ro p r ia te  b u f fe r .
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f i.2 .5 . Is o la t io n  o f p h o sp h o g lycera te  ñ ú tase from  wheat germ.

Phosphoglycerate mutase was is o la te d  from  f la k e d  wheat germ by 

D r.N .P r ic e  and Mrs D.Duncan u s in g  th e  methods o f L e a d le y  et al. (1977) 

and Sm ith and Hass (1985 ) r e s p e c t iv e ly .  P u r i f ie d  enzyme fro m  th ese  

p re p a ra tio n s  was k in d ly  s u p p lie d  f o r  th e  c h e la to r  s e n s i t i v i t y  and 

r e a c t iv a t io n  s tu d ie s  d e s c rib e d  below.

6 .2 .6 . Assay o f p h o sp h o g lycera te  mutase from  A . n l d u l a n s  and ubeat  

gSLUL.

The assay o f 2 , 3 -b is p h o s p h o g ly c e ra te  independent p h ospho g lycerate  

mutases has in v o lv e d  th e  use o f  a number o f  p ro ced u res . Most au th o rs  

report systems based on th e  en o lase  coup led  assay o f  R odw ell et al. 

(1957). However, R o d w e ll's  assay was conducted a t  pH 7 .0  and as noted  

by I t o  and G r is o l ia  (1 959 ) th e  pH optim a o f  th e  wheat germ enzyme is  

approxim ate ly  9 . These a u th o rs  th e r e fo r e  used a pH 8 .7  assay system  in  

m onitoring t h e i r  wheat germ enzyme p u r i f i c a t io n  scheme. In  t h e i r  

review o f c o fa c to r  Indep end ent ph o sp h o g lycera te  m utases G r is o l ia  and 

C arreras (1 975 ) l i s t  a pH 8 .7  assay  system  u s in g  33 mM T r ls -H C l  

b u ffe r, 1 6 .7  mM 3 -p h o s p h o g ly c e ra te , 3 .3  mM MgSO^ and 8 .3  u n its  o f  

enolase ml“ ' .  The assay  system  used h ere  f o r  th e  wheat germ and 

A.nidulans enzyme is  t h a t  re p o rte d  by L e ad ley  et al. (1 9 7 7 ) namely 100 

fflM T r ls -H C l b u f fe r ,  pH 8 .7 ,  c o n ta in in g  20 mM 3 -p h o s p h o g ly c e ra te , 8 .3  

dM MgSO  ̂ and 40 pg (1 .6  u n its )  o f e n o la se  in  a f i n a l  volume o f 1 ml.

I •
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The assay was perform ed a t  30°C  and t h is  system  was used a t  a l l  tim es  

unless o th e rw is e  in d ic a te d .

The s tan d ard  pH 7 .0  en o lase  coup led  assay (s e c t io n  2 . 2 . 3 . 1 . )  was a ls o  

used d u rin g  s tu d ie s  on th e  c o fa c to r  independent phospho g lycerate  

Butases. T h is  assay had been r o u t in e ly  used f o r  th e  d e te rm in a t io n  o f 

the c o fa c to r  dependent phospho g lycerate  m utases (c h a p te rs  3 , 4 and 5 ) .  

The c o fa c to r , 2 , 3 -b is p h o s p h o g ly c e ra te , was o m itte d  from  th e  system  fo r  

the assay o f th e  c o fa c to r  Independent enzymes. In  a d d it io n ,  th e  amount 

of enolase was In c re a s e d  to  40 fig (1 .6  u n i t s ) .  A l l  o th e r  c o n d it io n s  

were as d e s c rib e d  in  s e c t io n  2 .2 .3 .1 .  The stopped t r i p l e  coupled  

assay system  (s e c t io n  2 . 2 . 3 . 2 . )  based on th a t  o f  L e a d le y  e t  a l .  (1977) 

was a ls o  used to  assay th e  c o fa c to r  Independent enzymes in  the  

presence o f m eta l io n s . Once a g a in  th e  c o fa c to r  was o m itte d  from  the  

assay system  and th e  c o n c e n tra tio n s  o f th e  c o u p lin g  enzymes were 

increased to  50 fig (2 .0  u n i ts )  o f e n o la s e , 36 fig (15 u n its )  o f 

pyruvate k in as e  and 12 fig (14 u n its )  o f  la c t a t e  dehydrogenase. A ll  

other c o n d itio n s  were as d e s c rib e d  in  s e c t io n  2 . 2 . 3 . 2 .

L 2 .7 .  R e a c t iv a t io n  o f  A .n id u ia n s  and wheat germ ph o sp h o g lycera te

autase following denaturatlon in GdnHCl.

R e a c tiv a tio n  o f th e  A. n i  duI a n s  and wheat germ enzymes fo llo w in g  

d é n atu ra tio n  in  GdnHCl was fo llo w e d  u s in g  th e  stopped t r i p l e  coupled  

assay system. A. n id u la n s  (300 fig m l" ’ ) and wheat germ (50 fig m l" ’ ) 

enzymes were d en a tu red  in  2 K GdnHCl f o r  5 min a t  20*^C and d i lu te d

I, !
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f i f t y —fo ld  in to  30 nM T r ls -H C l b u f f e r ,  pH 7 .0  c o n ta in in g  10 nM 3 -  

phosphoglycerate. A f te r  d i lu t io n  (.A. n id u la n s  to  6 pg m l~’ , wheat germ  

to 1 pg m l~ ’ > th e  enzymes were In cu b a te d  a t  30°C and th e  2 -  

phosphoglycerate formed a f t e r  1 and 6 min was d e term in ed  u s in g  th e  

coupling assay . A f te r  7 min In c u b a tio n  m eta l io n s  were added from  

concentrated  s to c k  s o lu t io n s  to  g iv e  a f in a l  c o n c e n tra t io n  o f 3 .3  mM 

during r e a c t iv a t io n .  The 2 -p h o s p h o g ly c e ra te  form ed 1 and 6 min a f t e r  

the a d d it io n  o f th e  m eta l io n s  was de term in ed  u s in g  th e  c o u p lin g  

assay. A c o n tr o l system  in  each case c o n ta in e d  th e  enzyme a t  th e  

r e a c t iv a t io n  c o n c e n tra t io n  in  th e  presence o f  th e  r e s id u a l

co n cen tra tio n  o f GdnHCl p re s e n t in  d enatu red  sam ples (0 .0 4  M ).

6 .2 .8 . R e a c t iv a t io n  o f A . n i d u l a n s  ph ospho g lycera te  m u ta s e _ fQ llQWlng 

in h ib i t io n  by c h e la to r s .

Two typ es  o f exp erim en t were used to  examine th e  r e a c t iv a t io n  o f  

A.nidulans  p h o sp h o g lycera te  mutase fo llo w in g  i t s  in h ib i t io n  w ith  

ch e la to rs . The a c t i v i t y  o f  th e  A. n i d u la n s  enzyme was m onito red  u s in g  

the s tan d ard  pH 7 .0  e n o la se  coup led  assay in  b o th  cases .

In th e  f i r s t  exp erim en t th e  A . n i d u l a n s  enzyme (60 pg m l~M  was 

in h ib ite d  in  30 mM T r is -H C l b u f fe r ,  pH 7 .0 ,  by EDTA and HQSA a t  a 

co n ce n tra tio n  o f  0 .1  mM. F o llo w in g  p e rio d s  o f  in c u b a tio n  a t  4°C  th e  

a c t iv i t y  o f th e  enzyme was m onito red  u n t i l  i t  had d e c lin e d  to  ( 5% o f  

a c o n tro l sample In c u b a te d  in  th e  absence o f c h e la to r s . The In h ib i t e d  

enzyme was th en  d iv id e d  in t o  a number o f  a l iq u o ts  and d i f f e r e n t  m etal
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Ions added to  each to  a f i n a l  c o n c e n tra t io n  o f  2 mM. The a c t i v i t y  o f  

the c o n tro l sample and in h ib i t e d  enzyme in  th e  presence and absence o f 

the m etal io ns  was m onito red  o ver 24 h in c u b a tio n  a t  4*^C.

In the second ex p erim en t th e  A .n l d u la n s  enzyme (270 pg m l“ ’ ) was 

in h ib ited  in  30 mK T r is -H C l b u f fe r ,  pH 7 .0 ,  by 0 .9  mM EDTA. F o llo w in g  

periods o f in c u b a tio n  a t  20*^0 th e  a c t i v i t y  o f th e  enzyme was m onito red  

until i t  had d e c lin e d  to  ( 5% o f  a c o n tro l as above. The in h ib i t e d  

enzyme was then a p p lie d  to  a Sephadex G-25 column (35 cm x 2 .0  cm^) 

previously e q u i l ib r a te d  a g a in s t 30 raM T r is -H C l b u f f e r ,  pH 7 .0 .  The 

enzyme was e lu te d  w ith  t h is  b u f f e r  and d e te c te d  by flu o re s c e n c e  

emission a t  325 nm. F ra c t io n s  e x h ib i t in g  peak f lu o re s c e n c e  were pooled  

and assayed fo r  a c t i v i t y .  The p o o led  enzyme was th e n  d iv id e d  in to  a 

number o f a l iq u o ts  and m eta l io n s  added to  a c o n c e n tra t io n  o f  1 mM. 

Activity o f the  in h ib i t e d  enzyme in  th e  presence and absence o f  m etal 

ions was m onitored  over 24 h In c u b a tio n  a t  4” C.

P re lim inary  c o n tro l measurements in d ic a te d  th a t  th e  Sephadex G-25 

column would s u c c e s s fu lly  re s o lv e  bovine serum a lb um in  (1 mg m l“ ’ ) 

from EDTA (2 mM). E lu t io n  o f th e  b o v in e  serum a lb um in  was m o n ito red  by 

fluorescence em iss ion  a t  325 nm and by absorbance a t  280 nm and th a t  

of the EDTA was m onito red  by absorbance a t  240 nm.
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fi 3. RESULTS AID DISCÜSSIQI.

6.3.1. ClielatQr aensltlvltv qî c o fa c to r  dependent and Independent 

ph ospho g lvcerate  n u tases .

The s e n s i t i v i t i e s  o f th e  2 , 3 -b is p h o s p h o g ly c e ra te  dependent 

phosphoglycerate mutases to  th e  c h e la to rs  EDTA and HQSA is  shown in  

Fig. 44 a - f .  S im i la r ly ,  th e  s e n s i t i v i t i e s  o f th e  c o fa c to r  independent 

enzymes a re  shown in  F ig . 44 g -1 . C le a r ly  th e  a c t i v i t y  o f  th e  c o fa c to r  

dependent p h o sp h o g lycera te  mutases is  u n a ffe c te d  by th e  presence o f  

ch e la to rs  w ith  ( 10% a c t i v i t y  lo s t  a f t e r  180 min in c u b a tio n . In

contrast th e  a c t i v i t y  o f  th e  c o fa c to r  independent enzymes is  in h ib i t e d  

by the c h e la to rs  to  v a ry in g  degrees . The a c t i v i t y  o f th e  A .n i d u la n s  

enzyme is  c o m p le te ly  in h ib i t e d  fo llo w in g  60 min in c u b a tio n  whereas  

that o f th e  p o ta to  enzyme is  reduced by 50% and 15% fo llo w in g  180 min 

incubation  w ith  EDTA and HQSA r e s p e c t iv e ly .  The g e n e ra l d i f fe r e n c e  

between th e  c o fa c to r  dependent and independent enzymes in  t h e i r  

s e n s i t iv i t y  to  th e  c h e la to rs  suggests th a t  th e  l a t t e r  group o f  enzymes 

Bay have a m eta l ion  req u ire m e n t fo r  a c t i v i t y .  T h is  co n c lu s io n  is

supported by th e  re p o r t  o f  Sm ith  and Hass (1985) who have shown th a t  

the wheat germ enzyme is  in h ib i t e d  by a range o f c h e la to r s  In c lu d in g  

EDTA and HQSA. Subsequent s tu d ie s  by Sm ith e t  a l .  (1986 ) suggested  

that the  wheat germ enzyme re q u ire d  th e  presence o f  e i t h e r  Cô "" o r  

Kn̂ "̂  to  prom ote r e a c t iv a t io n  fo llo w in g  d é n a tu ra t io n  in  GdnHCl. In

ad d itio n , Oh and Freese (1 976 ) and Vatabe and Freese (1 979 ) have shown I'
!

that the  c o fa c to r  independent p h ospho g lycerate  mutase from  B a c i l l u s  S v i i i l i t  w«s i
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in h ib ite d  by EDTA and has an ap p aren t Mn^“̂ re q u ire m e n t fo r  a c t i v i t y .  

Singh and S e tlo w  <1979) have re p o rte d  s im i la r  o b s e rv a tio n s  f o r  th e  

phosphoglycerate mutase is o la te d  fro m  B a c i l l u s  megaterium.

The d i f f e r i n g  r a te s  o f  in a c t iv a t io n  observed f o r  th e  s ix  c o fa c to r  

independent enzymes exam ined (F ig . 44 g -1 )  may be in d ic a t iv e  o f

d i f fe r in g  degrees o f a c c e s s ib i l i t y  o f ,  a n d /o r  s tre n g th s  o f a s s o c ia t io n  

with, th e  enzymes and th e  p u ta t iv e  m eta l lo n ( s ) .  The m a te r ia l  used in  

assessing c h e la to r  s e n s i t i v i t y  were r e l a t i v e l y  crude e x t r a c ts  and th e  

background m eta l io n  c o n c e n tra t io n  in  each p re p a ra t io n  co u ld  w e ll have 

moderated th e  observed in h ib i t io n .  However, ev idence  a g a in s t such an 

e ffe c t was found on exam in ing  th e  c h e la to r  s e n s i t i v i t y  o f p u r i f ie d  

phosphoglycerate m utases from  A. n id u la n s ,  K .c ras sa  and wheat germ. The 

p a tte rn  o f in h ib i t io n  in  th ese  e x te n s iv e ly  p u r i f ie d  p re p a ra tio n s  was 

e s s e n t ia l ly  id e n t ic a l  to  t h a t  observed fo r  th e  e x t r a c ts  f r a c t io n a te d  

by (NHa )2:S0a shown in  F ig . 44 g, J and 1 r e s p e c t iv e ly  (d a ta  not 

shown).

I t  should be no ted  th a t  th e  c o fa c to r  dependent enzymes from  S. paabe, 

C.utilis, b akers  y e a s t and r a b b it  muscle e x h ib ite d  a marked 

i n s t a b i l i t y  in  c o n tr o ls ,  l . e ;  in  100 mM T r is -H C l b u f fe r ,  pH 8 .7 ,  a t  

20°C. T h is  e f f e c t  was re v e rs e d  in  th e  presence o f  1 mM EDTA o r HQSA 

where th e  a c t i v i t y  o f th e s e  fo u r  enzymes was q u ite  s ta b le  (F ig . 44 

a -d ). A l l  o th e r  c o n tr o l saiq>les, in c lu d in g  th e  c o fa c to r  dependent 

enzymes from  E . c o l l  and K.aerogenes,  were u n a ffe c te d  by th e  b u f fe r  

system (±  5% o f i n i t i a l  a c t i v i t y  over 180 min in c u b a t io n ) . The

I .
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in h ib it io n  o f th e  c o fa c to r  dependent enzymes and i t s  re v e rs a l by EDTA

and HQSA is  perhaps in d ic a t iv e  o f in h ib i t io n  caused by some c a t io n ic

species which can be c h e la te d  from  th e  system . A r e p o r t  by C a rre ra s  e t

al. (1980) has shown th a t  a range o f  2 , 3 -b is p h o s p h o g ly c e ra te  dependent

mutases were In h ib i t e d  by vanadate  whereas c o fa c to r  independent

enzymes were u n a ffe c te d . A c o n c e n tra t io n  o f  10 pM vanadate was

s u ff ic ie n t to  produce a p p ro x im a te ly  70% in h ib i t io n .  The e f f e c t  o f

vanadate was more pronounced w ith  in c re a s in g  pH from  6 to  10. The pH

dependence o f th e  in h ib i t io n  presum ably r e f l e c t s  th e  g r e a te r  fo rm a tio n

of the p e n ta v a le n t vanadium io n  a t  a lk a l in e  pH. T h is  s p e c ie s  is

thought to  resem ble th e  t r a n s i t io n  s t a te  o f th e  phosphoryl group

thereby in h ib i t in g  th e  enzyme by b in d in g  c o m p e t it iv e ly  to  th e  a c t iv e

site (Macara, 1 9 8 0 ). C a rre ra s  e t  a l .  (1980) showed t h a t  th e  e f f e c t s  o f

vanadate co u ld  be re v e rs e d  by d i lu t io n  o r by th e  a d d it io n  o f EDTA or

noradrenaline. The a c t io n  o f th ese  c h e la to rs  on vanad ate  seems to  be

d ire c tly  th rough  com plexlng o r  re d u c tio n  (C a n tle y  e t  a l .  , 1 9 7 8 ). I t
H»e

thus seems p o s s ib le  th a t^ p re s e n c e  o f  t ra c e  q u a n t i t ie s  o f vanadate , o r  

a vanadate l i k e  c a t io n ic  s p e c ie s  a b le  to  compete w ith  th e  phosphoryl 

group, in  the  T r is  b u f fe r  system  m ight c o n tr ib u te  to  th e  in h ib i t io n  o f  

the c o fa c to r  dependent enzymes. T h is  e f f e c t  would be ex ace rb a te d  a t  

the b u ffe r  pH o f  8 .7  where th e  fo rm a tio n  o f  th e  p e n ta v a le n t vanadium  

ton is  enhanced and the  c o fa c to r  dependent enzymes a re  not a c t in g  a t  

their pH optim a o f 7 .0  (G r ls o l ia  and C a rre ra s , 1 9 7 5 ). The p o s s ib i l i t y  

slso e x is ts  th a t  In a c t iv a t io n  o f th e  c o fa c to r  dependent enzymes is  a 

direct e f f e c t  o f  th e  pH and t h a t  th e  c h e la to r s  in  some way s t a b i l i s e  

the enzyn» to  t h is  form  o f  in a c t iv a t io n .
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The a c t iv i t y  o f  th e  c o fa c to r  dependent ph ospho g lycerate  mutases from  

E.coli  and K.aBrogenes  was u n a ffe c te d  in  th e  c o n tro l system. C a rre ra s  

et 3 I .  (1980) exam ined a range o f  c o fa c to r  dependent enzymes which

were a l l  in h ib i t e d  by vanadate  bu t d id  n o t in c lu d e  any b a c te r ia l  

enzymes in  th e s e  s tu d ie s . S ince  both  c o fa c to r  dependent ( E . c o l i )  and 

Independent ( B a c i l l u s  s p . )  ph ospho g lycera te  mutases have been is o la te d  

from b a c te r ia  i t  is  p o s s ib le  th a t  th e  c o fa c to r  dependent enzymes from  

E.coli  and K. aerogenes  d i f f e r  from  th e  mammalian and yeast 

phosphoglycerate mutases. S t r u c t u r a l  o r m ech an is tic  d if fe r e n c e s  in  the  

former enzymes co u ld  a l t e r  t h e i r  s u s c e p t ib i l i t y  to  th e  in h ib i t io n  

observed in  th e  c o n tro l system . I t  would th e r e fo re  be o f p a r t ic u la r  

in te res t to  exam ine th e  vanadate  s e n s i t i v i t y  o f a range o f b a c te r ia l  

phosphoglycerate mutases to  c o n firm  these t e n t a t iv e  co n c lu s io n s . 

However, a la c k  o f  m a te r ia l  fo r  those is o la te d  and in s u f f ic ie n t  tim e  

to is o la te  o th e rs  p rev en ted  such s tu d ie s .

It  has a ls o  been re p o rte d  th a t  f lu o r id e  can in h ib i t  the  a c t i v i t y  of 

bakers yeast p h o s p h o g ly cera te  mutase (Chiba e t  a l .  , 1960). C u r io u s ly

such in h ib i t io n  can be re v e rs e d  by th e  presence o f e q u iv a le n t  

concentrations o f  EDTA as i f  some flu o rid e -E D T A  complex were being

formed. The e x a c t mode o f in h ib i t io n  is  th e r e fo re  u n c le a r . However, on 

the b a s is  o f  th e s e  o b s e rv a tio n s  i t  is  p o s s ib le  th a t  th e  i n s t a b i l i t y  o f 

the c o fa c to r  dependent p h o sp h o g lycera te  mutases (F ig . 44 a -d )  could  

resu lt from  a f lu o r id e  type in h ib i t io n  in  th e  b u f fe r  system  used.
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fi.3.2. R e la t iv e  a o le c u la r  mass o f c o fa c to r  dependent and Independent 

phospho g lycerate  m utases.

The Mr v a lu e s  o f th e  p h o sp h o g lycera te  mutases examined f o r  c h e la to r  

s e n s it iv ity  were d e te rm in ed  by g e l f i l t r a t i o n  on a column o f  S ephacry l 

S-300. The c a l ib r a t io n  o f  t h is  column us ing  th e  s tan d ard s  d e s c rib e d  in  

section 2 . 2 . 1 . 2 .  is  shown in  F ig . 10. The Mr v a lu e s  o f th e  c o fa c to r  

dependent and independent enzymes de term in ed  from  F ig . 10 a re  g iv e n  in  

Table 3. The p u b lis h e d  Mr v a lu e s  f o r  th ese  enzymes, where a v a i la b le ,  

are inc luded  f o r  com parison.

The re s u lts  p re s e n te d  in  T ab le  3, which re p re s e n t a sununary o f th e  

findings from  th e  s tu d ie s  d e s c rib e d  in  s e c tio n s  6 .3 .2 .  and 6 . 3 . 1 . ,  

seem to  in d ic a te  a common s t r u c t u r a l  p a t te rn  f o r  th e  c o fa c to r  

independent ph o sp h o g lycera te  m utases. A l l  th e  c o fa c to r  independent 

enzymes have a Mr o f a p p ro x im a te ly  6 0 ,0 0 0  and a re  in h ib i te d  by th e  two 

chelators exam ined. The l i t e r a t u r e  re p o r ts  a v a i la b le  a re  c o n s is te n t  

with both th e  Mr v a lu e s  and th e  in h ib i t io n  e f f e c t .  In  c o n tra s t ,  th e  

cofactor dependent ph o sp h o g lycera te  mutases had a range o f  Mr v a lu e s  

re f le c t in g  t h e i r  d i f f e r i n g  q u a te rn a ry  s t ru c tu re s  and t h e i r  a c t i v i t i e s  

were u n a ffe c te d  by th e  c h e la to r s .

165



phosphoglycerate Inhibition by Mr of native
mutase chelators* enzyme Piiblished Mr and 

quaterneury structure

COFACTOR DEPENDENT

Baker's yeast NONE 110,000 110,000 Tetramer (1)C. utilis NONE 112,000 110,000 (4)Rabbit muscle NONE 56,000 56,000 Dimer (1)S. pombe NONE 23,000 23,000 Moncmier (2)K. aerogenes NONE 62,000E. coli NONE 57,000 56,300 (3)
COFACTOR INDEPENDENT
Potato YES 60,000A. nidulans YES 60,000 40-60,000 Monomer (4)Wheat germ YES 52,000 50,000, 60,000 Monomer (4)Nasturtium YES 63,000N. crassa YES N.D.B. subtilisé YES (EDTA) 74,000 MonomerB. mega ter ium(̂ YES (EDTA) 61,000 Monomer

Table 3. Chelator sensitivity and Mr of cofactor dependent and 
independent phosphoglycerate mutases,

*, sections 6.2.2. and 6.3,1.; t, sections 6.2.3. and 6.3.2.;
N.D., not done; data from Watcd>e and Freese (1979); data from 
Singh and Setlow (1979) .
(1), Hermann et al. (1983); (2), Price et al. (1985b); (3), D'Alessio
and Jose (1971); (4), Price et (1983); (5), Leadley et al. (1977);
(6), section 6.3.3.
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Is o la t io n  and characterisation of A s p e r g ^ n i u f t  n l H n l a n c :  

phQsphQglycerate mutase.

In view o f th e  re p o rte d  m eta l io n  re q u ire m e n t o f  th e  c o fa c to r  

Independent ph o sp h o g lycera te  m utases from  B a c i l l u s  s p e c ie s  (V atabe and 

Freese, 1979, S ingh and S e tlo w , 1979) and wheat germ (Sm ith  and Hass, 

1985, Sm ith e t  a l ,  , 1986) and th e  c h e la to r  s e n s i t i v i t y  observed in  a

range o f th ese  enzymes, th e  d e t a i le d  p u r i f i c a t io n  o f  th e  A .n i d u la n s  

enzyme was pursued w ith  th e  a im  o f c h a r a c te r is in g  in  d e t a i l  the  

re la tio n s h ip  betw een m etal io n  and enzyme. A. n id u la n s  was s e le c te d  fo r  

its  ease o f c u ltu r e  and h a rv e s t in g  and a ls o  i t s  pronounced s e n s i t i v i t y  

to the c h e la to rs  exam ined (F ig . 44 g ) . In  a d d it io n ,  th e  p u r i f ic a t io n  

of phosphoglycerate  mutase fro m  t h is  source had not been re p o rte d  

elsewhere.

Phosphoglycerate mutase was is o la te d  from  A .n i d u la n s  as d e s c rib e d  in  

section 6 .2 .4 .  D e ta i ls  o f  a t y p ic a l  p u r i f i c a t io n  a re  shown in  Tab le  

4. The s p e c i f ic  a c t i v i t y  o f  th e  p u r i f ie d  enzyme was a p p ro x im a te ly  5000  

units mg*"* u s in g  th e  pH 8 .7  assay o f L e a d le y  e t  a l .  (1 9 7 7 ). A ccording  

to these a u th o rs  one u n it  o f a c t i v i t y  ( aAi ^o , 0 .1  m in“ ’ ) under th ese  

conditions corresponds to  1 .8 3  pmole o f  3 -p h o s p h o g ly c e ra te  m eta b o lised  

Bin“ ’ . The s p e c i f ic  a c t i v i t y  o f th e  enzyme p re p a ra t io n  thus eq u ates  to  

9*15 m mole o f s u b s tra te  m e ta b o lis e d  min“ ’ mg p r o te in “ ’ .

Analysis o f th e  enzyme p re p a ra t io n  by SDS-PAGE in d ic a te d  > 85%

homogeneity o f s ta in in g  w ith  Coomassle b lu e  R250. The Mr o f th e  enzyme

I .
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Step Enzyme
activity
(units)

Protein

(mg)
Specific
activity
(unlts/mg)

Purification
factor

Yle;

( Z )

Initial extract 16500 379 43.5 1.0 100
67-95Z (NH4>2S04 
precipitate 10080 50.1 201 4.6 61
QAE cellulose 
chromatography 7540 6.2 1218 28.0 46
Reactive Blue-
Sepharose
chromatography 5400 2.6 2050 47.1 33
DEAE cellulose 
chromatography 4440 1.19 3723 85.6 27
Sephacryl S-300 gel 
filtration 3750 0.71 5250 120.7 23

Table 4. Purification of phosphoglycerate mutase from A. nidulans,
The data refer to nycelia harvested from 4 litres of liquid culture 
(75 g wet weight), Enzyne assays were performed using the pH 8.7 
assay of Leadley et al, (1977).

15 30 60 Mr(x10-3

Figure 45. SDS-PAGE of phosphoglycerate mutase from A. nidulans.
Enzyme (3 yg) was analysed using a 12% acrylamide separating gel. 
After staining with Coomassie blue R250 and destaining, the gel was 
scanned at 600 nn. The horizontal Mr calibration scale was deter­
mined using the Dalton Mark VII maurker set (section 2,2.1.1. amd 
Pig. 9).



under denaturing conditions was 60,000 ± 3,000 (Fig. 45). However, in

some preparations the enzyne appeared as a double band with Mr values

of 60,000 ± 3,000 and 56,000 ± 3,000. In these cases the specific

activity of the enzyme was not affected indicating that the probable

loss of some amino acids from the polypeptide did not affect the

activity of the native enzyme. The levels of conversion to the lower

Mr form appeared to be related to enzyme concentration since the
rdecrease in Mr occu^d during the final gel filtration step when the 

total protein concentration, already lowered by the extensive 
purification, was further reduced during the fractionation in 

Sephacryl S-300. Despite several attempts using different buffer 

conditions for the gel filtration step the persistance of the double 

banding pattern was never completely eliminated. Stabilisation of the 

A. nidulans enzyme at low concentration may therefore require buffering 

with a protein-containing solution. A buffer containing 1% w/v 

ovalbumin has been used for dilution of the rabbit muscle enzyme and 

is reported to prevent a similar Inactivation phenomenon at low enzyme 

concentrations (Rodwell et al., 1957).

The gel filtration stage in the purification protocol was performed 

using 50 mM sodium phosphate buffer, pH 7.5 (section 6.2.4.). The use 

of 100 mM Tris-HCl buffer, pH 8.0, during this procedure resulted in 

irreversible Inactivation of the enzyme. Leadley et al. (1977) have 

also reported that column chromatography of the wheat germ enzyme in 

cationic amino buffers produces inactivation. These authors therefore 

used sodium phosphate based buffers in such fractionations. However,

, i
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following the gel filtration step In the scheme reported here It was 

found that concentration of the enzyme by freeze drying In the 

phosphate buffer caused Inactivation, possibly as a result of the high 

phosphate concentration generated. Thus the eluted enzyme material was 

dialysed into a low ionic strength Tris-HCl buffer, pH 8.0, prior to 

freeze drying . Following concentration by this method the enzyme 
preparation was stored at -18*̂ C. The activity of the enzyme was stable 
over several months at this temperature.

The Mr of the native enzyme was determined using gel filtration on 
Sephacryl S-300 (section 6.3.2.) as 60,000 ± 6,000. In conjunction 

with the Mr value following SDS-PAGE it is clear that the A.nldulans 

enzyme is a monomer of Mr approximately 60,000. This value compares 

favourably with the report of Price et al. (1983) who have shown the 

Kr of phosphoglycerate mutases from a range of fungi (including 

li-nidulans) to be between 40,000 and 60,000.

U . 4. Isolation and characterisation of wheat germ phosphoglycerate 

mutase.

Phosphoglycerate mutase was isolated from wheat germ by Dr. N. Price and 

frs D. Duncan using the methods of Leadley et al, (1977) and Smith and 

Hass (1985) respectively. Both procedures yielded material of specific 

activity approximately 3000 units mg“’ when assayed by the method of 

headley et al. (1977). This value equates to 5.5 m mole 3- 

phosphoglycerate metabolised min“’ mg protein“’. The specific activity
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was comparable with that reported by Leadley et al. (1977) and Smith 

and Hass (1985) for their preparations of the enzyme.

Analysis of both enzyme preparations on SDS-PAGE revealed a major band 

of Mr approximately 60,000 and a number of additional bands of lower 

Mr. The presence of these minor bands presumably results from some 

limited proteolytic or autolytic degradation during purification and 

their presence has been noted by other groups in their study of the 

wheat germ enzyme (Smith and Hass, 1985, McAleese et al. , 1985). In 

conjunction with a similar observation in the purification of the 

A.nidulans enzyme, where this effect seemed to result from excessive 

dilution of the enzyme, it seems that the cofactor independent enzymes 

may be structurally quite unstable and are able to lose a number of 

amino acids from their polypeptides without compromising their 

activity.

6.3.5. Effects of metal ions on the phosphoglycerate mutase assay 

system of Leadley et al._(1977)..

It is well recognised that a number of the transition metals are 

unstable in aqueous solution at alkaline pH (Kragten, 1978). The basis 

of this Instability lies in hydroxide formation in aqueous solution 

according to the scheme Illustrated below for a divalent ion "M";
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M(OH); M<OH)a~

f
M<0H):£ . n H2 O SOLID

The concentration of the various species is dependent on both pH and 

the total concentration of "IT. Clearly any reaction of the type;

+ iHzO M(OH)i +

will be favoured by alkaline conditions. For Cô "̂  and Mn̂ "̂  the pH at 

which the M(0H>2 hydroxide species predominates is 8.8 and 11.6 

respectively (Kragten, 1978).

In view of the potential complications considered above it was 

considered necessary to examine thoroughly the effects of metal ions 

on the assay system of Leadley et al. (1977) which is performed at pH 
8.7. When Co^^ or Mn̂ "̂  were added to the buffer of this assay (100 mM 

Trls-HCl buffer, pH 8.7) to a final concentration of 2 mM there was an 

almost instantaneous increase in A^ao rising to > 2.0 within 5 s of 

addition. This increase was associated with visible turbidity of the 
buffer presumably reflecting the metal hydroxyl complex formation. In 

the case of Hi^^ added to 2 mM there was a slow increase in k̂ iAo of 

approximately 0.0025 min~’ whereas the other metal ions examined 

(Fê "̂ , Cu^*, Câ "̂ , Zn^*) produced no increase in Az.a o. Addition of

Mn-2̂ , Nl̂ -*̂  to the full assay system of Leadley et al. (1977)

produced moderated increases in Â ;a o . Fig* A6 shows the rate of
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o 1

Metal ion (mM)

Figure 46. Rate of increase in absorbance at 240 nn of the assay 
system of Leadley et al. (1977) following the addition
of Co2+ ( ) and Mn̂"*" ( ) ions.



increase in Aziio of the assay system as a function of added Cô "̂  and 

Mn̂ '* concentration. In the case of the other metal ions added to 2 nK 

there was no detectable increase in of the assay mixture.

Examination of each assay component in turn indicated that it was the 

3-phosphoglycerate, present at a concentration of 20 mM, that was 

responsible for moderating the increase in A^^o. Such an effect 

presumably results from complex formation between the substrate and 

the metal ions acting to moderate the precipitation phenomenon. 

Complex formation between the phosphoglycerate substrates and Mg^* is 

well documented and in detailed kinetic and thermodynamic studies 

using the enolase coupled assay (which requires Mg^“̂) allowance must 

be made for the effect of Mg^“̂ /phosphoglycerate complex formation on 

the concentration of available substrates (Ray and Peck, 1972). The 

dissociation constant of the Mg^‘̂ /2-phosphoglycerate complex is 

3.6 mM.

It is particularly noteworthy that concentrations of Co^* and Mn^“̂ 

between 0 and 3 mM produced rates of Increase in Azao min“’ of the 

assay system comparable to those resulting from authentic enzyme 

catalysed formation of phosphoenolpyruvate in standard assays (0 to 

0.15 min"’ ; Fig. 46).

■ZAO5one of the metal ions studied had any detectable effect on the A 

of the assay buffer (30 mM Tris-HCl buffer, pH 7.0) or the assay 

mixture of the standard pH 7.0 enolase coupled assay.
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At a pH of 8.0 <l.e. using 30 nJf Tris-HCl buffer, pH 8.0) an 

intermediate effect between that at pH 7.0 and 8.7 was observed. On 

addition of 2 mM Co-^ to the buffer a of 0.0062 min~’ was

observed, compared to the instantaneous increase observed in 100 mM 
Tris-HCl buffer, pH 8.7.

The effects of the metal ions on the determination of phosphoglycerate 

mutase by the Leadley et al. (1977) assay system were also examined. 

The enzymes from wheat germ and A. nidulans were assayed and after 

observing the Lk:£.Acj min~’ , metal ions were added to the system and the 

new min~’ observed. The effect of Co^^ and Mn^* addition at

concentrations up to 3 mM on the assay of the wheat germ enzyme are 

shown in Fig. 47. Examining the effects of Co^* it is clear that the 

apparent increase in activity at concentrations above 1 mM is 

explicable in terms of the precipitation induced Increase in Ai-̂ o 

which occurs at these concentrations (Fig. 46) possibly in conjunction 

with the enzyme catalysed Lk.zAo< However, the fact that at lower 

concentrations of Co^^ (<1 mM) a decrease in activity below that of 

the initial assay is observed suggests that the phosphoglycerate 

mutase and/or enolase is/are being inhibited. The true enzyme 

catalysed aAzao at higher concentrations of Cô "̂  may therefore be 

minimal. At much lower concentrations the effects of precipitation 

and/or inhibition are reduced and the aAzao mln~’ following addition 
of the metal ion therefore approaches that of the initial rate. The 

effects of Mn=̂ * are similar although quantitatively different (Fig. 

7̂). However, since the precipitation of this metal ion is less marked
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phosphoglycerate mutase by the assay system of Leadley 
et al. (1S77).

Activity is expressed as a percentage of the initial activity 
observed prior to the addition of Cô "*" { ^  ) or Mn̂ '*' ( ^  )
ions.



than that of Cô '"* (Fig. 46) then it would be expected that a higher 

concentration would be required before precipitation produced apparent 
"activation“ of the enzyme.

The effect of addition on the assay of A. nldulans

phosphoglycerate mutase at two enzyme concentrations is shown in 

Fig. 48. Clearly the pattern of inhibition and apparent activation is 

similar to that of the wheat germ enzyme. Fig. 48 also Illustrates the 

effect of reducing the amount of enzyme assayed on the concentration 

dependent effects of Co^^. At lower enzyme concentrations the initial 

lKtiao min'’ is lower and therefore a lower precipitation induced rate 

is required to produce greater activation. For this reason the exact 

degree of inhibition and activation appears to differ between the 

wheat germ and A. nidulans enzymes (Figs. 47 and 48).

Further evidence of the inhibition of the enzyme catalysed AAi;Ao was 

obtained by assaying the A.nidulans enzyme using the standard pH 7.0 

enolase coupled assay. In this assay system there was no detectable 

change in Aa^o as a result of metal ion precipitation. The effect of 

Cô '" on the determination of A. nidulans phosphoglycerate mutase 

activity using this assay is shown in Fig. 49, Clearly, under these 

conditions, where precipitation plays no rôle, increasing Co®"̂  

concentration produces increasing inhibition of the enzyme catalysed 

reactions.
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1 2 3
mM

Figure 48. Effects of Cô '*’ ions on the determination of A. nidulans 
phosphoglycerate mutase by the assay system of Leadley 
et al. (1977)

Activity is expressed as a percentage of the initial activity 
observed prior to the addition of Cô"*" ions. Q  , 0.2 pg
of enzyme assayed; ^  , 0.4 yg of enzyme assayed.

0
mM Co2 ‘

figure 49. Effects of Cô'*' ions on the determination of A. nidulans 
phosphoglycerate mutase by the standard oK 7.0 assay 
system of Rodwell et al. (1957),

Activity is expressed as a percentage of the initial activity 
observed prior to the addition of Cô'*' ions.



The effect of Cô -̂  on enzyme catalysed was Investigated by

varying the amount of enolase present in the standard pH 7.0 assay 

mixture from its normal value of 40 pg down to 10 pg. In the absence 

of Co'̂'* this variation had no effect on the assay of a fixed amount of 

k.nidulans enzyme (0.75 pg). However» addition of Co"̂ -" to a 
concentration of 0.5 mM reduced the AA:̂ Ao min“’ to 60% and 31% of its 

initial value when between 40 and 10 pg of enolase was present 

respectively. This dependence on enolase concentration indicates that 

it is probably this enzyme which is inhibited by the Co"̂ -̂ . Enolase has 

a well documented Mg^* requirement for activity and in the case of the 

yeast enzyme this can be fulfilled by Mn^*, Zn^^^or Cd^* in the place 

of the Mĝ "̂  (Wold, 1971). Clearly, the activity of the rabbit muscle 

enolase (used in the above assays) differs since the data in Figs. 

47, 48 and 49 imply that this enzyme is inhibited by both Mn̂ "̂  and 
Cô -.

The inhibition of the A. nidulans and wheat germ phosphoglycerate 

lautase activities cannot be totally excluded from the brief 

experiments involving variation of the enolase assay concentration. 

Indeed, bakers yeast phosphoglycerate mutase appears to be inhibited 

by millimolar concentrations of Zn̂ "̂  (Chiba and Suglmoto, 1959) and 

the rabbit muscle enzyme is susceptible to metal ions such as Hg*"*̂ , 

and Cû -̂  which can react with sulphydryl groups (Cowglll and 

Pizer, 1956). Therefore the effects of these metal ions and Cô "̂  and 

would merit further investigation as would the effects of these
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metals on the enolase coupling system. Both cases could be examined by 
adopting a stopped coupled assay system such as described below.

ft. 3.6 . Development of a system allowing the assay of phosphoglycerate 
mutases in the presence of metal ions.

In view of the complications arising from the precipitation of certain 

metal ions in the pH 8.7 assay of Leadley et al. (1977) an assay 

system at pH 7.0 was developed in which no such effect was observed. 

Unfortunately this pH is some way from the general optima 

(approximately 9.0) of the cofactor independent phosphoglycerate 

œutases (Grisolla and Carreras, 1975). The specific activity of the 

A. nidulans enzyme was 3 fold higher in the pH 8.7 assay compared with 

that observed in the standard pH 7.0 enolase coupled assay. In 

addition to this pH change a "stopped coupled quench" procedure was 

adopted to assay the enzyme activity. In this assay aliquots of the 

enzyme (maximum 50 pi) incubated with the substrate 3-phosphoglycerate 

were added to the coupling system which converted the 2- 

phosphoglycerate formed in the initial reaction mixture through to 

lactate with the concomitant oxidation of NADH. The rapid decline in 

A34.0 observed following this conversion was used to calculate the 2- 

phosphoglycerate formed in the initial reaction mixture. Ketal ions 

could be included in the initial system since the carry over 

concentration into the coupling system (containing enolase) would be 

low. A similar protocol had been adopted to allow the assay of 

cofactor dependent phosphoglycerate mutases in the presence of GdnHCl
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(section 3.3.2.1., 4.3.2.1. and 5.3.3.1.). The detailed assay protocol 

devised was as described in section 2.2.3.2. with the minor 
modifications noted in section 6.2.6.

The stopped triple coupled assay system was calibrated by addition of 

known concentrations of 2-phosphoglycerate to the coupling assay. Fig. 

50 shows the relationship between 2-phosphoglycerate added and IfADH 
oxidised calculated using a milllmolar absorption of 6.22 for HADH at 

340 nm . As could be predicted from the reaction series, the 

stoichiometry of the conversion was 1:1. There was no efect of Mn̂ -̂ , 

Co"̂ or on the determination of 2-phosphoglycerate by the
coupling assay at concentrations up to 0.25 mM (Fig. 50). Since the 

assay protocol involved a minimum 20 fold dilution from the initial 

assay mixture then the effects of metal ions on the phosphoglycerate 

mutases at concentrations up to 5 mM could be readily examined.

THe stopped triple coupled assay system was used to determine the

ecjuilibrium concentration of 2-phosphoglycerate produced in assays 

performed in 30 mM Tris-HCl buffer, pH 7.0, with the initial 

concentration of 3-phosphoglycerate being 10 mM. Two cofactor

independent enzymes, namely those from A.nidulans and wheat germ, and 

the cofactor dependent enzyme from rabbit muscle enzyme were examined. 

The rabbit muscle enzyme has a pH optimum of 7.0 (Grlsolla and
Carreras, 1975) and so its inclusion would hopefully indicate any 

narked anomalies in the cofactor independent enzymes which were acting 

well below their pH optima of approximately 9.0 (Grisolia and

176



2-Phosphoglycerate (mM)

Figure 50. Calibration of the stopped triple coupled assay system 
with additions of 2-phosphoglycerate.

metal ions;
determinations performed in the absence of added 
^ ^ f determinations performed in

the presence of 0.25 mM Cô '*’ or Mn̂"*" respectively, 
was also without effect (data not shown).

0.25 mí4 Nî '*’

Figure 51. Determination of the concentration of 2-phosphoglycerate 
formed from 10 mM 3-phosphoglycerate in 30 mM Tris-HCl 
buffer, pH 7.0, at 30°C using the stopped triple coupled 
assay.

Phosphoglycerate mutases from; ^  -- ------ ---- ---
, A. nidulans (6 ua ml~̂ ) and-Í(0.7 pg ml ^).

, wheat germ (1 yg ml“ );
, rabbit muscle



Carreras, 1975). Fig. 51 shows that all three enzymes produced an 

equilibrium concentration of 0.8 ± 0.05 mM 2-phosphoglycerate within 

20 min incubation at 30*̂ C. The rate at which this equilibrium was 

reached differed in the three enzymes as the amounts of each in terms 

of enzyme units added to the initial assay mixture were not Identical. 

The equilibrium concentration of 2-phosphoglycerate allows the

calculation of the equilibrium constant and the as 0.087 ± 0.06
and 6.15 ± 0.18 kJ mol~’ respectively.

The thermodynamic values for the three enzymes examined compare 

favourably with those reported previously for the phosphoglycerate 
mutase reaction. Bassham and Krause (1969) have reported a of

5.85 kJ mol“’ and Hill and Attwood (1976) a AG3<i,3 of 5.81 kJ mol”’. In 

addition Rodwell et al, (1957) have reported a conversion equilibrium 

mixture of 8.5% 2-phosphoglycerate formed from 88.5 pmole of 3- 

phosphoglycerate. This obviously equates to 0.85 mJi formed from 10 mli 

3-phosphoglycerate. Similarly, an equilibrium constant for the 2- 

phosphoglycerate to 3-phosphoglycerate reaction of between 8.65 and 

il.65 has been reported by Clark et al. (1974). It therefore appears 

that the stopped triple coupled assay system described here is able to 

successfully nranltor the 3-phosphoglycerate to 2-phosphoglycerate 

reaction and that both cofactor dependent and independent

phosphoglycQrate mutases produce similar conversion equilibria at pH
7.0.
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The stopped triple coupled assay system was used to monitor the 

reactivation of the A. nldulans and wheat germ enzymes after 

dénaturation in GdnHCl. The enzymes were denatured in 2 M GdnHCl for 5 

min at 20^C and diluted fifty fold into 30 mM Tris-HCl buffer, pH 7.0, 

containing 10 mM 3-phosphoglycerate. The rate of 2-phosphoglycerate 

formation following dilution was monitored using the coupling assay. 

After determining the activity of the enzymes, metal ions were added 

to a final concentration of 3.3 mM and their effects on reactivation 

observed. For the A.nidulans enzyme Fig. 52 shows the formation of 2- 

phosphoglycerate by denatured enzyme and also by a sample of native 

enzyme incubated in the residual concentration of GdnHCl <0.04 M) 

present during reactivation. Clearly the control example exhibits the 

rapid formation of the 2-phosphoglycerate equilibrium concentration of 

approximately 0.8 mM. The denatured enzyme shows only a minimal rate 

of 2-phosphoglycerate formation, either as a result of resistance to 

dénaturation or from the rapid reactivation of a small percentage of 

the enzyme, and this rate is not affected following the addition of 

Co^“̂, Mn̂ "̂ , or Mi^* (indicated by the arrow in Fig. 52). The wheat 

germ enzyme exhibits an essentially identical pattern of activity in 

the control and denatured samples (Fig. 53).

Clearly these experiments give no evidence for a metal ion dependent 

reactivation of either the A.nidulans or wheat germ enzymes. This
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Figure 52. Reactivation of A. nidulans phosphoglycerate mutase 
following dénaturation in Gdn KCl.

Figures 52 and 53. Enzymes were incubated in 30 mM Tris-HCl buffer, 
pH 7.0, in the presence of 2 M Gdn HCl for 5 min at 20°C. At zero 
time, san5>les were diluted into 30 mM Tris-KCl buffer, pK 7.0, 
containing 10 mM 3-phosphoglycerate and incubated at 30°C. The
2-phosphoglycerate formed was determined at intervals using the 
coupling assay system. Metal ions were added to a final concen­
tration of 3.3 mil after 7 min incubation (indicated by the arrow): 

r~| , control; ^  ^  , Mn̂ "̂ ;
m  , Kî "̂ . The upper curves { O ) tefer to the

native enzyme incubated in the presence of the residual concen­
tration of Gdn KCl follov/ing dilution (0.04 M) . Addition of metal 
ions to these systems after 7 min inciibation had no effect on the 
observed 2-phosphoglycerate formation (data not shown). Enzyme 
concentrations are given in section 6.2.7.



(min)

''igure 53. Reactivation of wheat germ phosphoglycerate mutase 
follov/ing dénaturation in GdnECl.
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f in d in g  i s  in  c o n tra s t  to  th e  r e p o r t  o f Sm ith  e t  a l .  (1 986 ) which  

suggested th a t  d é n a tu ra t io n  o f th e  wheat germ enzyme in  GdnHCl co u ld  

be f u l l y  re v e rs e d  fo l lo w in g  th e  a d d it io n  o f  Co=̂ “̂ o r  Mn -̂  ̂ to  th e  

r e a c t iv a t io n  medium. U n fo r tu n a te ly  th e  s tu d ie s  o f  Sm ith e t  a l .  (1986) 

were perfo rm ed  u s in g  th e  pH 8 .7  assay o f  L ead ley  e t  a i .  (1977 ) a t  22” C 

and as shown in  s e c t io n  6 .3 .5 .  t h is  system  is  f a r  from  r e l i a b l e  when 

used in  th e  presence o f  some t r a n s i t io n  m e ta ls . The ap p aren t 

r e a c t iv a t io n  o f  the wheat germ enzyme on a d d it io n  o f  Co^^ o r  Mn^“̂ 

could th u s  be e x p lic a b le  in  term s o f  th e  p r e c ip i t a t io n  o f  th e s e  m etal 

ions p rod uc ing  a aAzao  m in~’ c o n s is te n t  w ith  f u l l  r e a c t iv a t io n .  The 

s p e c if ic  a c t i v i t y  o f th e  Sm ith e t  a l .  (1986 ) enzyme p re p a ra t io n  was 

a p p ro x im a te ly  2 ,3 0 0  u n its  mg~’ (S m ith  and Hass, 1985) and d u rin g  t h e i r  

r e a c t iv a t io n  s tu d ie s  th e y  assayed 0 .8 4  pg o f  th e  enzyme w hich would 

th e re fo re  g iv e  an ap p ro x im ate  AA24.0 m in~‘‘ o f  0 .1 9 . F ig . 46 shov^ th e  

p r e c ip i t a t io n  induced aAi âo m in~’ produced by Co^"  ̂ when added to  th e  

pH 8 .7  assay system  a t  30*^0 (0 .1 4  m ln~’ from  2 mM Co^'*'). D u rin g  t h e i r  

re n a tu ra t io n  s tu d ie s  S m ith  e t  a l .  (1 9 8 6 ) added 2 .6  mM Co^"  ̂ to  o b ta in  

complete r e a c t iv a t io n .  C le a r ly ,  a t  t h e i r  assay te m p e ra tu re  o f  22°C th e  

a d d it io n  o f  t h is  c o n c e n tra t io n  o f  Co^*  ̂ would produce a AA 2AO rain o f  

a p p ro x im a te ly  0 .2  in  th e  absence o f any enzyme c a ta ly s e d  fo rm a tio n  o f  

phosphoenolpyruvate. S m ith  e t  a l .  (1 9 8 6 ) a ls o  re p o rte d  th a t  th e  wheat 

germ enzyme p r e f e r e n t i a l l y  "bound" C o *- s in c e  h ig h e r  le v e ls  o f M n*- 

were re q u ire d  to  produce com plete r e a c t iv a t io n  o f th e  d en a tu red  

enzyme. T h is  f in d in g  i s  a g a in  e x p lic a b le  in  te rm s o f  th e  d a ta  shown in  

Fig. 46 where i t  is  e v id e n t  th a t  p r e c ip i t a t io n  o f  M n*- in  th e  assay  

system produces low er r a te s  o f AA^^o m ln~’ th a n  C o *-. T h e re fo re  a
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higher c o n c e n tra t io n  o f Mn '̂*' would be re q u ire d  to  produce th e  re q u ire d  

AA240 m ln-^ o f a p p ro x im a te ly  0 .2 .  O th er m eta l Io n s  exam ined by Sm ith  

et a l .  (1986 ) had no e f f e c t  on th e  r e a c t iv a t io n  o f th e  wheat germ  

enzyme. These m eta l Io ns  a ls o  show no p r e c ip i t a t io n  Induced o f

the L e a d le y  e t  a i .  (1977) assay system  (s e c t io n  6 . 3 . 5 ) .

The presence o f  a re d u c ta n t such as d l t h l o t h r e t l o l  d u rin g  the  

r e a c t iv a t io n  o f  th e  A .n i d u la n s  o r wheat germ enzymes m ight have 

produced In c re a s e d  le v e ls  o f  r e a c t iv a t io n  I f  e i t h e r  enzyme possessed a 

s u s c e p tib le  c y s te in e  re s id u e . However th e  o v e r a l l  f a i l u r e  o f th ese  

enzymes to  re g a in  a c t i v i t y  fo l lo w in g  d é n a tu ra t io n  In  GdnHCl (F ig s . 52 

and 53 ) may w e ll  be a consequence o f th e  s iz e  o f  t h e i r  p o ly p e p tid e  

chains. Recent r e p o r ts  by J a en lcke  (1984) and Teschner e t  a i .  (1987) 

have in d ic a te d  th a t  p o ly p e p tid e s  o f  g r e a te r  th a n  300 amino a c id s  In  

length  o f te n  r e f o ld  ve ry  s lo w ly  a n d /o r  I n e f f i c i e n t l y  because o f the  

f a i lu r e  to  c o o rd in a te  th e  p rocesses o f  c h a in  fo ld in g  and domain 

p a ir in g . In  c o n tr a s t ,  th e  p o ly p e p tid e s  o f s m a lle r  p ro te in s  or 

o lig o m e ric  p r o te in s  w ith  sm all s u b u n its  can r e f o ld  r a p id ly  and w ith  

high e f f ic ie n c y  such th a t  under s u ita b le  c o n d it io n s  r e a c t iv a t io n  

fo llo w in g  d é n a tu ra t io n  y ie ld s  a lm o s t com plete r e g a in  o f  a c t i v i t y .  The 

c o fa c to r  dependent p h o s p h o g ly cera te  mutases from  b a k e rs  y e a s t (s u b u n it 

241 amino a c id s ) ,  r a b b it  m uscle (s u b u n it 250 amino a c id s )  and 

Scblzosaccbarom yces pombe (205 amino a c id s )  a re  exam ples o f such 

p ro te in s  (s e c t io n s  3 . 3 . 4 . ,  4 . 3 . 3 .  and 5 . 3 . 5 . ) .  These o b s e rv a tio n s

ra is e  In t e r e s t in g  q u e s tio n s  as to  how th e  fo ld in g  o f la r g e r  p ro te in s  

occurs i n  v ivo.  I t  I s  tem p tin g  to  s p e c u la te  t h a t  th e  fo ld in g  o f such
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p ro te in s  may r e q u ir e  to  be re g u la te d  and c o o rd in a te d  as  c o -  

t r a n s la t io n a l  p rocesses such t h a t  domain fo ld in g  can occur c o r r e c t ly  

p r io r  to  th e  s y n th e s is  o f rem a in in g  re g io n s  o f th e  p r o te in . C le a r ly  

re fo ld in g  i n  v i t r o  i s  w ith o u t such r e g u la t io n  and t h is  may th e r e fo re  

prevent fo ld in g  as such, o r  a llo w  r e fo ld in g  to  an in a c t iv e  

c o n fig u ra t io n . T h is  form  o f  in c o r re c t  r e fo ld in g  has been observed fo r  

the monomeric p r o te in  o c to p ln e  dehydrogenase where 30% o f d en a tu red  

enzyme form s an in a c t iv e  s p e c ie s  (s e c t io n  1 . 7 . 2 . ) .  I t  is  n o tew o rth y  

th a t th e  Mr v a lu e s  f o r  o c to p in e  dehydrogenase (4 5 ,0 0 0 )  and th e  enzymes 

examined here  (6 0 ,0 0 0 )  a re  f a i r l y  c lo s e  and th e r e fo r e  th e  r e fo ld in g  o f  

these enzymes may p re s e n t s im i la r  problem s.

The p o s s i b i l i t y  t h a t  m eta l io n s  co u ld  induce s t r u c t u r a l  changes in  

p ro te in s  such as th e  A .n i d u la n s  and wheat germ enzymes cannot be 

com plete ly  e x c lu d e d . A re c e n t re p o r t  by F ra n k e l e t  a l ,  (1 9 8 7 ) has 

shown th a t  a d d it io n  o f  Zn^* to  th e  d enatu red  " z in c  f in g e r  domain" o f  

t r a n s c r ip t io n  f a c t o r  I I I  A induces i t s  fo ld in g . In  th e  presence o f  

th e  c i r c u la r  d lc h ro is m , t r y p t i c  re s is ta n c e  and th e r m o s ta b i l i t y  o f  

the d en a tu red  p e p tid e  a re  s ig n i f i c a n t ly  in c re a s e d  im p ly in g  a fo ld e d  

s tru c tu re . However, th e  z in c  f in g e r  is  o n ly  a 30 amino a c id  p e p tid e  

and th e r e fo re  c o n c lu s io n s  t h a t  can be drawn re g a rd in g  th e  m etal 

induced fo ld in g  o f  la r g e r  p r o te in s  a re  n e c e s s a r i ly  l im i t e d .  A more 

accurate  d e s c r ip t io n  o f  th e  m eta l io ns  and t h e i r  r e la t io n s h ip  to  th e  

c o fa c to r  indep end ent p h o sp h o g lycera te  mutases would be re q u ire d  b e fo re  

th e ir  e f f e c t s  on r e fo ld in g  c o u ld  be more s y s te m a t ic a l ly  in v e s t ig a te d  

and d e fin e d . I
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6 ,3 .8 .  R eact 1 v a t Ion, o f  .4. J id u ia n s  pho s p h o g ly c e ra te  mutase 

fo l lo w in g  I n h i b i t i on by c h e la to rs .

The r e a c t iv a t io n  o f  A. n i d u la n s  p h o sp h o g lycera te  mutase fo llo w in g  

in h ib i t io n  by th e  c h e la to r s  EDTA and HQSA in  30 mM T r is -H C l b u f fe r ,  pH

7.0 was exam ined. In  two ty p e s  o f  exp erim en t m eta l io ns  were added to  

c h e la to r  in a c t iv a t e d  enzyme and a c t i v i t y  m on ito red  using th e  s tan d ard  

pH 7 .0  en o lase  co u p led  assay . C o n tro l measurements in d ic a te d  th a t  th e  

maximum c a r r y  o v er c o n c e n tra t io n  o f  m eta l Io n s  <0 .02  mM) had no e f f e c t  

on th e  d e te rm in a t io n  o f p h o sp h o g lycera te  mutase by t h is  assay  system .

In th e  f i r s t  ex p erim en t th e  A. n ld u la n s  enzyme was in h ib i t e d  by a low  

c o n c e n tra tio n  (0 .0 1  mM) o f  th e  c h e la to r s  EDTA and HQSA o v e r a p e r io d  

of 16 h a t  4*^0. The a c t i v i t y  o f th e  enzyme had d e c lin e d  to  

ap p ro x im ate ly  2% o f a c o n tr o l sample in cu b a te d  in  th e  absence o f 

c h e la to rs . M e ta l io n s  were th en  added to  a f i n a l  c o n c e n tra t io n  o f 2 mM 

in  o rd e r to  s a tu r a te  c h e la to r s  and enzyme. No r e a c t iv a t io n  was 

observed fo l lo w in g  th e  a d d it io n  o f  Mn^" ,̂ Fe^“̂ , Co^'^, N i^ * ,  Câ '"̂  and 

Zn^-.

In the  second e x p erim en t th e  A. n id u la n s  enzyme was In h ib i t e d  w ith  0 .9  

oK EDTA. A f t e r  1 hour a t  20°C  th e  a c t i v i t y  had d e c lin e d  to  

ap p ro x im ate ly  2% o f a c o n tro l sam ple in c u b a te d  in  th e  absence o f EDTA. 

The c h e la to r  was th en  removed fro m  th e  enzyme by d e s a l t in g  on Sephadex 

G~25 and m eta l io n s  added to  a c o n c e n tra t io n  o f  1 mM. No r e a c t iv a t io n  

was observed w ith  Mn^" ,̂ Fe^"^, C o^-, N i^ -  o r  Zn^"  ̂ even a f t e r  24 h
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in cu b atio n  in  th e  presence o f th ese  m eta l io n s . The la c k  o f  

r e a c t iv a t io n  fo llo w in g  th e  d e s a l t in g  on G -25 , e i t h e r  in  th e  presence  

or absence o f  m eta l io n s , in d ic a te d  th a t  th e  In a c t iv a t io n  o f  th e  

A.nidulans enzyme by EDTA was not r e v e r s ib le .  In  c o n tr a s t ,  L ead ley  et 

al. (1977) re p o r te d  t h a t  th e  wheat germ enzyme was r e v e r s ib ly  

In h ib ite d  by EDTA.
I ■,!

A s im i la r  approach to  th e  above e x p erim en ts  was s u c c e s s fu lly  used by 

Vatabe and F reese  (1979) in  t h e i r  e x a m in a tio n  o f th e  Mn "̂  ̂ req u irem en t 

of Bacillus subtills p h o sp h o g lycera te  mutase. These a u th o rs  have shown 

th a t EDTA a t  a c o n c e n tra t io n  o f  10 mM r a p l  d ly  in h ib i t s  th e  enzyme. On 

d i lu t io n  o f th e  in h ib i t e d  enzyn» 100—f o ld  (EDTA now 0. 1 mM) th e  

a d d it io n  o f 1 mM Mn '̂*' c o m p le te ly  re s to re d  i t s  c a t a l y t i c  a c t i v i t y .  

Singh and S e tlo w  (1979 ) have used t h is  type o f te c h n iq u e  to  

demonstrate th e  Mn̂ "̂  re q u ire m e n t o f Bacillus megaterium

phosphoglycerate mutase. In  th e  case o f  th e  A.nidulans enzyme a 

s im ila r  type  o f  p ro to c o l d id  no t produce any r e a c t iv a t io n .  I t  i s  

possib le  th a t  th e  m etal io n  re q u ire d  by t h is  enzyme was no t in c lu d e d  

in  th ese  s tu d ie s . However, i f  th e re  were a c lo s e  a s s o c ia t io n  between  

the enzyme and n e ta l  io n  i t  c o u ld  be en v isag ed  th a t  rem oval o f  t h is  

ion m ight produce i r r e v e r s ib le  s t r u c t u r a l  changes in  th e  enzyme. In  

such a s i t u a t io n  th e  rep lacem en t o f th e  m eta l io n  in  th e  medium might 

th e re fo re  not produce r e a c t iv a t io n .

The studies described here and in section 6.3.7. have failed to define 

the putative metal ion required by the A.nidulans or wheat germ
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enzymes. The l im i t a t io n s  o f  th ese  s tu d ie s  has been noted and i t  may be 

th at fu r t h e r  in v e s t ig a t io n  o f  these enzymes u s in g  m o d ifie d  te ch n iq u es  

could re v e a l a s p e c i f ic  m eta l io n  r e la t io n s h ip .  Indeed , is o la t io n  o f  

e ith e r  enzyme in  s u f f ic ie n t  q u a n t ity  would a l lo w  th e  use o f te ch n iq u es  

such as atom ic  a b s o rp tio n  sp ectro sco p y  which co u ld  r e a d i ly  d e te rm in e  

th e ir  m eta l io n  c o n te n t. However, th e  p o s s i b i l i t y  does e x is t  th a t  th e  

observed in a c t iv a t io n  o f th e  c o fa c to r  independent enzymes (F ig . 44 ) is  

not due to  c h e la t io n  o f a m eta l io n  bu t to  a s low  i r r e v e r s ib le  b in d in g  

of the a n io n ic  c h e la to r s  to  p o s i t iv e ly  charged re s id u e s  a t  th e  a c t iv e  

s ite  o f th ese  enzymes.

I t  is  w e ll documented t h a t  p o ly v a le n t  an io n s  can i n h ib i t  c o fa c to r  

dependent ph o sp h o g lycera te  mutases c o m p e t it iv e ly  w ith  th e  s u b s tra te  

(Ray and Peck, 1 9 7 2 ). Because o f th e  h ig h  le v e ls  o f  s u b s ta te s  n o rm a lly  

present, in h ib i t io n  d u rin g  th e  assj^ o f  enzyme a c t i v i t y  is  o n ly  e v id e n t  

with pyrophosphate, o x a la te  and c i t r a t e  v ia  c o m p e tit io n  w ith  2 ,3 -  

bi p h ospho g lycera te . In  th e  absence o f s u b s ta te s , as d u rin g  th e

c h e la to r s e n s i t i v i t y  s tu d ie s , even low  c o n c e n tra t io n s  o f  such an io n s  

might in h ib i t  enzyme a c t i v i t y .  I t  would th e r e fo r e  be o f p a r t ic u la r  

in te re s t  to  re -e x a m in e  th e  In h ib i t io n  o f p u r i f ie d  c o fa c to r  independent 

phosphoglycerate mutases by EDTA and HQSA in  th e  presence o f  

in c re as in g  c o n c e n tra t io n s  o f 3 -p h o s p h o g ly c e ra te . Such s tu d ie s  m ight 

c la r i f y  th e  p o s s ib le  r ô le  o f  n o n -s p e c if ic  in h ib i t io n  in  th e  d a ta  

presented in  F ig . 44. Under such a scheme o f  a n io n ic  in h ib i t io n  th e  

marked d i f fe r e n c e s  in  in a c t iv a t io n  observed betw een c o fa c to r  dependent 

and independent p h o s p h o g ly cera te  mutases c o u ld  be e x p lic a b le  in  term s

I
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7.1.  GEJERAL CQHCLUSIQIS A ID  DISCUSSIOW.

The r e s u lts  p re s e n te d  In  t h is  th e s is  re p re s e n t a s ig n i f ic a n t  

c o n tr ib u t io n  to  th e  in fo rm a tio n  c u r r e n t ly  a v a i la b le  on phospho- 

g ly c e ra te  m utases. S e le c te d  c h a r a c t e r is t ic s  o f  a number o f

phosphoglycerate  mutases have been d e te rm in ed  and th e  d é n a tu ra t io n  o f  

th ree  2 , 3 -b is p h o s p h o g ly c e ra te  dependent enzymes has been e x te n s iv e ly  

examined. In  a d d it io n  , th e  i n  v i t r o  r e fo ld in g  c h a r a c t e r is t ic s  o f a 

number o f c o fa c to r  dependent and Independent p h o sp h o g lycera te  mutases 

have been d e te rm in e d . The c o n c lu s io n s  o f  t h is  th e s is  w i l l  be d iscu ssed  

with re fe re n c e  to  th ese  th re e  a re a s .

L l . l .  C h a ra c te r is a t io n  o f p h o sp h o g lycera te  m utases.

The c o fa c to r  dependent and independent p h o sp h o g lycera te  mutases 

e x h ib it  a number o f in t e r e s t in g  d i f fe r e n c e s  in  term s o f  t h e i r  

mechanisms o f  c a t a ly t i c  r e a c t io n  (s e c t io n  1 . 1 . 2 . ) ,  s t r u c t u r a l  

c o n fig u ra t io n s , a b i l i t y  to  b in d  C ib acro n  B lue F3GA, s e n s i t i v i t y  to  

vanadate in h ib i t io n ,  p o s s ib le  lae ta l io n  re q u ire m e n t and pH optim a  

(s ec tio n s  1 . 2 . 5 .  and 1 . 3 . 4 . ) .  These d if fe r e n c e s  a re  f u r t h e r  r e f le c t e d  

in  th e  observed p h y lo g e n e tic  d i s t r ib u t io n  o f  th e  c o fa c to r  dependent 

and independent enzymes (s e c t io n  1 . 1 . 1 . )  such t h a t  th e s e  two groups  

cannot be c o n s id e re d  as c lo s e ly  r e la t e d .  The c o fa c to r  dependent 

phosphoglycerate mutases from  b a kers  y e a s t , r a b b i t  muscle and 

S cbizosaccharoayces pombe and th e  c o fa c to r  in d ep en d en t enzymes from  

Aspergillus n i  du Ians ,  wheat germ and o th e r  so urces  have been exam ined
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in  some d e t a i l  h e re . The c h a r a c te r is a t io n  o f  th ese  enzymes has 

c o n tr ib u te d  t o  a more a c c u ra te  d e f i n i t i o n  o f th e  two groups.

S.pombe p h o s p h o g ly cera te  mutase re p re s e n ts  th e  o n ly  re p o rte d  m onon^ric  

c o fa c to r  dependent enzyme. The Mr o f  t h is  enzyme (a p p ro x im a te ly  

23,000)  and i t s  monomeric c o n f ig u r a t io n  have been co n firm ed  h ere  us ing  

a number o f independent methods (s e c t io n s  5 . 3 . 1 .  and 5 . 3 . 2 . ) .  A 

p ro p o rtio n  o f th e  sequence o f th e  S.pomhe enzyme has been de term in ed  

(s e c tio n  5 . 3 . 7 . )  and com parison w ith  th e  p u b lis h e d  sequence f o r  bakers  

yeast p h o sp h o g lycera te  mutase s u b u n it ( F o t h e r g l l l  and H a rk in s , 1982) 

re v e a ls  a  h ig h  le v e l  o f  homology, p a r t i c u l a r ly  around th e  two a c t iv e  

s ite  h is t id in e  re s id u e s  (8  and 179) o f  th e  b akers  y e a s t enzyme (F ig . 

43).  The a re a s  o f th e  sequence re p re s e n t in g  i n t e r  s u b u n it c o n ta c t  

regions o f  th e  b akers  y e a s t enzyme q u a te rn a ry  s t r u c tu r e  have n o t y e t  

been d e fin e d  f o r  th e  S.pombe enzyme. However, i t  m ight be suggested  

th a t th ese  a re a s  w i l l  co rrespon d  to  m u ta tio n s  a n d /o r  d e le t io n s  in  the  

S. pombe sequence th e re b y  e x p la in in g  i t s  monomeric c o n f ig u r a t io n .  

F u rth er sequence in fo rm a tio n  f o r  th e  S. pombe enzyme w i l l  h o p e fu lly  

confirm  t h is  p ro p o s a l and a l lo w  fu tu r e  s tu d ie s  to  be d ire c te d  tow ards  

the mechanisms o f o lig o m e r fo rm a tio n  in  r e la t e d  enzymes. Techniques  

such as s i t e - d i r e c t e d  m utagenesis  c o u ld  be employed (on th e  b a s is  o f  

In fo rm a tio n  g a in e d  from  th e  S.pombe enzyme) to  c o n s tru c t m utants o f 

the b akers  y e a s t and r a b b i t  muscle enzymes in  d im e r ic  o r monomeric 

q u ate rn ary  c o n f ig u r a t io n s .  Such s tu d ie s  would be o f  In t e r e s t  in  

in d ic a t in g  th e  fa c to r s  c o n t r o l l in g  o lig o m e r fo rm a tio n  in  p ro te in s .

!
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The le v e l  o f  sequence homology observed between th e  b akers  yeas t 

enzyme and p a r t i a l  sequence o f th e  S .paabe  enzyme is  c o n s is te n t w ith  a 

moderate le v e l  o f  re la te d n e s s  between th ese  enzymes. O ther  

phosphoglycerate  mutases and b is p h o s p h o g ly c e ra te  mutases a ls o  show 

homology to  th e  b akers  y e a s t enzyme com plete a n d /o r  a c t iv e  s i t e  

sequences (s e c t io n s  1 . 2 . 2 .  and 1 . 4 . ,  F ig s . 5 and 6 ) .  V ery  r e c e n t ly  the  

sequence o f th e  muscle isoenzyme s u b u n it o f  human ph ospho g lycerate  

mutase has been d e te rm in ed  (Shanske e t  a l .  , 1987) and t h is  shows some 

50% homology to  th e  b akers  y e a s t p h o sp h o g lycera te  mutase and human 

b isp h o sp h o g lycera te  mutase sequences w ith  c o n s id e ra b le  id e n t i t y  a t  the  

a c tiv e  s i t e  h is t id in e  re s id u e s  id e n t i f i e d  in  th e  b akers  y e a s t enzyme 

(V inn e t  a l .  , 1 9 8 1 ). O v e r a l l ,  i t  would appear th a t  th e  c o fa c to r  

dependent p h o sp h o g lycera te  m utases and th e  c lo s e ly  r e la t e d  

b isp h o sp h o g lycera te  m utases e x h ib i t  s u b s ta n t ia l  homology and t h is  

f in d in g  may a llo w  c o n c lu s io n s  re g a rd in g  t h e i r  e v o lu t io n a ry  

r e la t io n s h ip  to  be drawn.

The S.pombe enzyme has a ls o  p ro v id e d  an in t e r e s t in g  exam ple o f  

s t r u c tu r a l  changes in  a p r o te in  t h a t  can be induced by c o fa c to r  

b ind in g  and p h o s p h o ry la tio n . The presence o f  th e  c o fa c to r  produces  

s ig n i f ic a n t  in c re a s e s  in  enzyme s t a b i l i t y ,  p ro te in a s e  re s is ta n c e  and 

re s is ta n c e  to  d é n a tu ra t io n  in  GdnHCl (s e c t io n s  5 . 3 . 1 . ,  5 . 3 . 3 .  and 

5 . 3 . 4 . ) .  The s e d im e n ta tio n  v e lo c i t y  o f  th e  S.pombe phosphoenzyme is  

in creased  im p ly in g  th a t  t h is  form  has a more compact s p h e r ic a l shape 

(s e c tio n  5 . 3 . 2 . ) .  T h is  s t r u c t u r a l  d i f fe r e n c e  c o u ld  c o n tr ib u te  to  the  

observed d i f fe r e n c e s  between th e  phospho- and ap o - form s. However, ' I
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fu r th e r  s t r u c t u r a l  a n a ly s is  o f t h is  system  us ing  te c h n iq u e s  such as X~ 

ray c r y s ta llo g r a p h y  and h ig h  r e s o lu t io n  NICR co u ld  d e f in e  more 

a c c u ra te ly  th e  changes o c c u rr in g  in  th e  presence o f  th e  c o fa c to r  and 

r e la te  th ese  to  changes in  the p ro p e r t ie s  o f  th e  enzyme.

Comparisons betw een th e  b akers  y e a s t and r a b b it  muscle enzymes have 

also  been re p o r te d  h e re . These have in d ic a te d  th a t  w h ils t  th ese  

enzymes have th e  same s u b u n it Mr and show c o n s id e ra b le  homology around  

the h is t id in e  a c t iv e  s i t e  re s id u e s  (s e c t io n s  1 . 2 . 1 .  and 1 . 2 . 2 . ) ,  th e y  

do d i f f e r  in  a number o f  asp ec ts  as  In d ic a te d  by C le v e la n d  mapping, 

c y s te in e  c o n te n t, amino a c id  co m p o sitio n  (s e c t io n  4 . 3 . 4 . ) ,  exposure o f  

arom atic  re s id u e s  (s e c t io n  4 . 3 . 2 . 2 . )  and h e l ic a l  c o n te n t (s e c t io n

4 . 3 . 2 . 3 . ) .  These f in d in g s  perhaps in d ic a te  th a t  m e c h a n is tic  and a c t iv e  

s ite  sequence homology between enzymes is  not n e c e s s a r i ly  r e f le c t e d  in  

s t r u c tu r a l  a n d /o r  o th e r  measures o f  re la te d n e s s . As such, fu tu r e  

comparisons between th e  b akers  yeas t and r a b b it  muscle enzymes shou ld  

th e re fo re  be made w ith  c a u tio n  and on th e  b a s is  o f  o n ly  m oderate  

o v e ra ll  homology. I t  m ight be n o ted  t h a t  th e  s e r in e  p ro te in a s e s  

re p re s e n t a group o f  enzymes w hich e x h ib i t  c o n s id e ra b le  sequence  

m echan istic  homology round a s e r in e , h is t id in e ,  a s p a r ta te  system  

w h ils t th e  s t r u c t u r a l  and o th e r  c h a r a c t e r is t ic s  o f  i t s  members 

(e.g;  ch ym otryp s in  and s u b t i l i s i n )  a re  q u ite  d i f f e r e n t  (Blow, 1971, 

Markland and S m ith , 1 9 7 1 ).

Considerably le s s  in fo rm a tio n  is a v a i la b le  re g a rd in g  th e  c h a ra c te r ­

istics o f th e  c o fa c to r  independent p h o sp h o g lycera te  mutases. However,
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there  a re  some r e p o r ts  th a t  t h is  group o f  enzymes may r e q u ire  a m eta l 

ion f o r  a c t i v i t y  (s e c t io n s  1 . 3 . 1 .  and 1 . 3 . 2 . )  and s t r u c t u r a l  

in fo rm a tio n  seems to  in d ic a te  a common monomeric c o n f ig u r a t io n  and Mr 

of a p p ro x im a te ly  6 0 ,0 0 0  (s e c t io n  1 . 3 . 4 . ) .  T h is  s t r u c t u r a l  and 

c a t a ly t ic  p a t te rn  has been f u r t h e r  exam ined h e re . The s e n s i t i v i t y  o f  a 

range o f  c o fa c to r  independent ph o sp h o g lycera te  mutases to  c h e la to r s  

has in d ic a te d  t h a t  th ese  enzymes may have a m eta l io n  req u ire m e n t  

(s e c tio n  6 . 3 . 1 . ) .  The n a t iv e  Mr v a lu e s  o f t h is  range o f enzymes were 

also found to  be a p p ro x im a te ly  6 0 ,0 0 0  (s e c t io n  6 . 3 . 2 . ) .  On th e  b a s is  

of th ese  o b s e rv a tio n s  i t  seems th a t  th e  c o fa c to r  independent 

phosphoglycerate mutases exam ined here  do f i t  in to  th e  proposed  

p a tte rn .

I t  has no t proved p o s s ib le  to  d e f in e  th e  n a tu re  o f t h is  p u ta t iv e  m etal 

ion req u irem en t u s in g  p u r i f ie d  enzyme from  A. n id u la n s  (s e c t io n  

6 . 3 . 8 . ) .  S im i la r ly  i t  has no t proved p o s s ib le  to  dem onstrate  a m etal 

ion req u ire m e n t f o r  ph o sp h o g lycera te  mutase r e a c t iv a t io n  fo llo w in g  

d é n a tu ra tio n  in  GdnHCl which had been re p o rte d  by Sm ith  e t  a l .  (1986 ) 

using th e  wheat germ enzyme. S tu d ie s  re p o rte d  h e re  have in d ic a te d  th a t  

r e a c t iv a t io n  co u ld  not be o b ta in e d  e i t h e r  in  th e  absence o r  presence  

of m etal io ns  f o r  th e  p u r i f ie d  p h o sp h o g lycera te  mutases from  wheat 

germ o r A. n i d u la n s  (s e c t io n  6 . 3 . 7 . ) .  F u rth erm o re , a number o f  

p o te n tia l c o m p lic a tio n s  to  th e  procedu res  used by Sm ith  e t  a l .  (1986 ) 

have been h ig h lig h te d  (s e c t io n  6 . 3 . 5 . )  and th e  r e s u l t s  p res en ted  here  

should a l lo w  subsequent work in  t h is  p a r t i c u l a r ly  in t e r e s t in g  a re a  to  

proceed w ith o u t s im i la r  problem s.
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Zi 1 » —Dénaturation OÎ phosp h o g ly c e ra te  mutaap.q.

The d é n a tu ra t io n  o f th e  c o fa c to r  dependent p h ospho g lycerate  nu tases  

from bakers  y e a s t , r a b b it  muscle and S.powhe have been examined in  

some d e t a i l  h e re  (s e c t io n s  3 . 3 . 2 . ,  4 . 3 . 2 .  and 5 . 3 . 3 .  r e s p e c t iv e ly ) .

D én atu ra tion  in  GdnHCl was m o n ito red  by lo s s  o f  c a t a l y t i c  a c t i v i t y  and 

by changes in  th e  f lu o re s c e n c e  and c i r c u la r  d lc h ro is m  p ro p e r t ie s  o f  

the en2ymes. The r e s u l t s  o f th e s e  s tu d ie s  a re  summarised in  T a b le  5.

A c t iv ity  i s  g e n e r a l ly  th e  most s e n s i t iv e  in d ic a to r  o f  an enzym e's  

s tru c tu ra l i n t e g r i t y  s in c e  in a c t iv a t io n  g e n e r a l ly  precedes th e  gross  

conform ational changes o f d é n a tu ra t io n  (Tsou, 1 9 8 6 ). The in a c t iv a t io n  

of the  p h o s p h o g ly cera te  m utases were assessed w ith o u t any p e r io d  o f  

p re -in c u b a tio n  o f  enzyme and GdnHCl. For th e  th re e  enzymes examined  

here in a c t iv a t io n  was com plete  w ith in  0 .5  min in c u b a tio n  in  2 M 

GdnHCl. At lo w er c o n c e n tra t io n s  some r e s id u a l a c t i v i t y  was observed  

and the  m id -p o in ts  f o r  th e  in a c t iv a t io n  t r a n s i t io n s  o f th e  r a b b it  

muscle, b akers  y e a s t and S. pombe enzymes were 0 . 5 5 ,  0 . 6 5  and 0 . 8 5  M 

GdnHCl r e s p e c t iv e ly .  The o rd e r  o f th ese  v a lu e s  seems to  c o r r e la te  w ith  

the re s p e c tiv e  a - h e l i c a l  c o n te n t o f  th e  th re e  enzymes as  assessed from  

native c i r c u la r  d lc h ro is m  s p e c tra  (12%, 20%, 30% and 40% f o r  th e

rab b it m uscle, b akers  y e a s t and S. pombe apo- and phosphoenzymes 

re s p e c tiv e ly )  in d ic a t in g  t h a t  th e  presence o f  t h i s  s t r u c t u r a l  

c o n fig u ra tio n  may c o n fe r  in c re a s e d  s t a b i l i t y  and re s is ta n c e  to  

in a c t iv a t io n .

191





Fluorescence measurements in d ic a te  the  environm ent o r r e la t i v e  

exposure o f a  p r o te in s  flu o ro p h o re s  ( i . e .  i t s  a ro m a tic  amino a c id  

re s id u e s ). Changes in  flu o re s c e n c e  d u rin g  d é n a tu ra t io n  a re  th e re fo re  

evidence o f s t r u c t u r a l  changes such as p o ly p e p tid e  u n fo ld in g  a n d /o r  

subunit d is s o c ia t io n  in  o lig o m e r ic  p ro te in s . F luo rescen ce  s p e c tra  o f  

phosphoglycerate m utases were assessed fo llo w in g  15 min in c u b a tio n  o f 

enzyme in  GdnHCl. The flu o re s c e n c e  s p e c tra  o f  th e  th re e  enzymes 

examined showed i d e n t i t y  in  th e  presence o f 2 o r 4 M GdnHCl. The 

d é n a tu ra tio n  o f  th e  enzymes was th e r e fo re  judged to  be com plete  

fo llo w in g  15 min in c u b a tio n  a t  2 M GdnHCl. The p r o f i l e  and X max o f 

these s p e c tra  were c o n s is te n t  w ith  a h igh degree o f s o lv e n t exposure  

of a ro m atic  re s id u e s  and th e  flu o re s c e n c e  in t e n s i t y  a t  th e  X max could  

be ro u g h ly  r e la t e d  to  th e  m olar try p to p h a n  c o n te n t o f  th e  p ro te in s . At 

lower c o n c e n tra t io n s  o f  GdnHCl in te rm e d ia te  s p e c tra  between those  

obtained a t  0 and 2 M were observed. The m id -p o in ts  o f  the  

fluorescence t r a n s i t io n s  a t  325 nm fo r  th e  b akers  y e a s t, r a b b it  

muscle, S.pomhe apoenzyme and S.pomhe phosphoenzyme were 1 .1 ,  1 . 1 ,  0 .8  

and 0 .9 5  M GdnHCl r e s p e c t iv e ly .  The c o r r e la t io n  between a - h e l i c a l  

content and re s is ta n c e  to  d é n a tu ra t io n  does no t seem to  a p p ly  to  these  

t r a n s it io n s . However, th e re  is  ev id e n ce  o f an in c re a s e d  re s is ta n c e  to  

d é n a tu ra tio n  in  th e  S.pombe phosphoenzyme r e l a t i v e  to  i t s  ap o - form .

C irc u la r  d ic h ro is m  between 200 and 250 nm is  an in d ic a to r  o f th e  a -  

h e lic a l component o f p ro te in s  s in c e  t h is  s t r u c t u r a l  e lem ent has a 

strong c h a r a c t e r is t ic  n e g a tiv e  e l l i p t i c i t y  o v er t h is  range (Chen e t  

a i . ,  1974, Chang e t  a i . ,  1 9 7 8 ). Changes in  c i r c u la r  d ic h ro is m  d u rin g
1
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d é n a tu ra tio n  can th e r e fo re  be used to  fo l lo w  th e  d is ru p t io n  o f  h e l ic a l  

s tru c tu re . C ir c u la r  d ic h ro is m  s p e c tra  o f p h o sp h o g lycera te  n u tases  were 

assessed fo llo w in g  15 min in c u b a tio n  o f enzyme in  GdnHCl. The c i r c u la r  

dichro ism  s p e c tra  o f  th e  b akers  ye as t and S.pombe enzymes in  th e  

presence o f 4 M GdnHCl were s im i la r  to  th a t  o f  random c o i l  s t ru c tu re  

in p ro te in s  (Chang e t  a i .  , 1978) in d ic a t in g  th a t  h e l ic a l  co n fo rm atio n  

was e s s e n t ia l ly  d is ru p te d  a t  t h is  c o n c e n tra t io n . In  2 M GdnHCl th e re  

was some ev idence  fo r  a re s id u a l h e l ic a l  e lem ent (a p p ro x im a te ly  10% o f  

the n a t iv e  e l l i p t i c t y  rem ained in  th e  bakers y e a s t enzyme fo llo w in g  15 

min in c u b a tio n  a t  2 M GdnHCl). The p e rs is te n c e  o f t h is  s t r u c t u r a l  

element a t  2 M GdnHCl may r e f l e c t  i t s  r e l a t i v e  re s is ta n c e  to  

d é n a tu ra tio n . The m id -p o in ts  o f th e  c i r c u la r  d ic h ro is m  t r a n s i t io n s  a t  

225 nm fo r  th e  b akers  y e a s t , r a b b it  muscle, S.pombe apoenzyme and 

S.pombe phosphoenzyme were 1 .2 ,  1 .1 ,  0 .9 5  and 1 .1 5  M GdnHCl

re s p e c t iv e ly . The a b s o lu te  c o r r e la t io n  between h e l ic a l  c o n te n t and 

re s is ta n c e  to  d é n a tu ra t io n  does not seem to  a p p ly  to  th e s e  v a lu e s . 

However, once a g a in  th e re  i s  ev id en ce  o f  an In c re a s e d  re s is ta n c e  to  

d é n a tu ra tio n  in  th e  S.pombe phosphoenzyme r e l a t i v e  to  th e  ap o - form .

I t  would be o f In t e r e s t  to  ex ten d  th e  in a c t iv a t io n  s tu d ie s  re p o rte d  

here to  in c lu d e  th e  measurement o f  a c t i v i t y  lo s s  in  th e  th re e  enzyn^s  

fo llo w in g  15 min p r e - in c u b â tio n  in  GdnHCl. The e f f e c t  o f  s u b s tra te s  on 

the re s is ta n c e  to  t h is  tre a tm e n t m ight a ls o  be r e v e a l in g .  Such d a ta  

would a l lo w  d i r e c t  com parisons betw een a c t i v i t y  lo s s e s  and e q u iv a le n t  

s tru c tu ra l changes d e te rm in ed  by flu o re s c e n c e  and c i r c u la r  d ic h ro is m . 

However, s in c e  th e  th re e  enzymes were a l l  r a p id ly  in a c t iv a t e d  in  2 M i' \
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GdnHCl I t  seems l i k e l y  t h a t  c o n s id e ra b ly  lo w er c o n c e n tra tio n s  o f  

GdnHCl m ight produce s ig n i f ic a n t  a c t i v i t y  lo s s  o v er 15 min w h ils t  

producing l i t t l e  I f  any e f f e c t  on th e  gross s t r u c t u r a l  fe a tu re s  o f the  

enzymes. O b s e rv a tio n s  o f t h is  ty p e  ( l . e ;  In a c t iv a t io n  p receed ln g  

s t r u c tu r a l  d é n a tu ra t io n )  have been made In  a number o f enzymes (Tsou,

1986).

—SfiÎQ l d l ng Q Î D ho sph og lycera te  mutases.

The p r o te in  r e f o ld in g  pathw ay model d iscu ssed  In  s e c t io n  1 .5 .  proposes  

th a t d u rin g  r e f o ld in g  p r o te in  s t r u c tu r e  Is  form ed v ia  a c o lla p s e  to  a 

"m olten g lo b u le  s t a te " .  T h is  s t a t e  resem bles th e  c o n fo rm a tio n  o f th e  

n a tiv e  p r o te in  bu t d i f f e r s  In  t h a t  I t  appears  to  be fu n c t io n a l ly  

in a c t iv e  and la c k s  c e r t a in  s p e c t ra l  c h a r a c t e r is t ic s  o f th e  n a t iv e  

c o n fig u ra t io n . I t  has been sugg ested  th a t  t h is  s t a te  has a more "open" 

s tru c tu re  and th a t  subsequent processes o f making and b re a k in g  o f non- 

co va len t and (where a p p r o p r ia te )  d is u lp h id e  in te r a c t io n s  le a d  to  th e  

fo rm atio n  o f  th e  n a t iv e  c o n f ig u r a t io n .

R e fo ld in g  o f th e  p h o s p h o g ly cera te  mutases exam ined here  has been 

fo llo w e d  th ro u g h  re g a in  o f enzyme a c t i v i t y .  T h is  process was probed  

using "p u ls e s "  o f  p ro te ln a s e s  p r io r  to  a s ses s in g  a c t i v i t y  re g a in e d . 

These tre a tm e n ts  had no e f f e c t  on th e  a c t i v i t y  o f th e  n a t iv e  enzyme 

and c o u ld  th e r e fo r e  re v e a l th e  presence o f  p ro te in a s e  s e n s i t iv e  

in te rm e d ia te s  form ed d u rin g  r e fo ld in g .
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In the case o f  th e  te t ra m e r lc  b akers  y e a s t p h o sp h o g lycera te  mutase 

th is  te c h n iq u e  has dem o nstra ted  th e  presence o f r e fo ld in g  

in te rm e d ia te s  which e x h ib i t  a p a r t i a l  a c t i v i t y  s e n s i t iv e  to  the  

p ro te in ases  t r y p s in ,  C hym otrypsin  and th e rm o ly s in  (s e c t io n  3 . 3 . 4 . ) .  

The p a r t i a l  a c t i v i t y  o f th ese  in te rm e d ia te s  suggests c o n s id e ra b le  

n a t iv e - l ik e  s t r u c tu r e  w h i ls t  t h e i r  s e n s i t i v i t y  to  p r o te o ly s is  im p lie s  

a g re a te r  exposure o f s i t e s  to  p r o t e o ly t ic  a t ta c k  as a r e s u l t  o f a 

Djore open s t r u c tu r e .  These in te rm e d ia te s  would th e r e fo re  seem to  

rep resen t th e  m olten  g lo b u le  s ta te  o f th e  b akers  yeast 

phosphoglycerate mutase r e fo ld in g  pathw ay. The d e m o n stra tio n  o f 

p a r t i a l l y  a c t iv e  in te rm e d ia te s  form ed d u rin g  r e fo ld in g  o f th e  bakers  

yeast enzyme co n firm ed  and ex tended  s im i la r  re p o r ts  by Hermann e t  a l .  

(1983, 1 9 8 5 ). These a u th o rs  dem onstra ted  th a t  th e  monomeric and

dim eric  in te rm e d ia te s  form ed d u r in g  r e fo ld in g  o f  th e  b akers  yeast 

enzyme had 35% o f n a t iv e  a c t i v i t y  and th a t  t h is  a c t i v i t y  was s e n s it iv e  

to t r y p s in .  The s tu d ie s  re p o r te d  here  have co n firm ed  t h is  v a lu e  and 

extended th e  observed s e n s i t i v i t y  o f  th ese  in te rm e d ia te s  to  in c lu d e  

other p ro te in a s e s . Hermann e t  a l .  <1983, 1985) a ls o  showed th a t  the

re fo ld in g  in te rm e d ia te s  appeared to  have s ig n i f ic a n t  s t r u c tu r e  as 

assessed by c i r c u la r  d lc h ro is m  and f lu o re s c e n c e . T h is  s p e c tra l  

evidence is  c o n s is te n t  w ith  a s t ru c tu re d  n a t l v e - l l k e  c o n f ig u r a t io n  fo r  

these m olten  g lo b u le  s t a te  s p e c ie s .

R e fo ld in g  s tu d ie s  on th e  d im e r ic  r a b b it  muscle p h o sp h o g lycera te  mutase 

âlso re v e a le d  th e  presence o f  r e fo ld in g  in te rm e d ia te s  which have 

a c t i v i t y  s e n s i t iv e  to  t r y p s in ,  C hym otrypsin  and th e rm o ly s in  (s e c t io n
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4 . 3 . 2 . ) .  These in te rm e d ia te s  must have a more open s t ru c tu re  and could  

th e re fo re  re p re s e n t a m olten g lo b u le  s ta te  form ed on th e  r e fo ld in g  

pathway o f t h is  enzyme. The q u a te rn a ry  c o n f ig u ra t io n  o f  these  

in te rm e d ia te s  < i . e ;  d im ers o r monomers) rem ains u n defined  as no 

k in e t ic  d a ta  f o r  th e  re a s s o c ia t io n  o f t h is  enzyme a re  c u r r e n t ly  

a v a ila b le .

R e fo ld in g  o f  th e  monomeric S.pomhe apoenzyme has a ls o  been examined 

using th e  p ro te in a s e  p u lse  te c h n iq u e . Use o f th e  p ro te in a s e s  

chyrootrypsin and p ro te in a s e  K in d ic a te d  th e  presence o f a r e fo ld in g  

in te rm e d ia te  w ith  a m a rg in a lly  in c re as ed  p ro te in a s e  s e n s i t i v i t y .  The 

p ro te in a s e s  t r y p s in  and th e rm o ly s in  were w ith o u t e f f e c t .  T h is  f in d in g  

in d ic a te s  th e  presence o f a r e fo ld in g  in te rm e d ia te  w ith  some

a d d it io n a l s i t e s  a c c e s s ib le  to  p r o t e o ly t ic  a t ta c k  and th e r e fo re  

possessing a more open s t r u c tu r e .  However, th ese  l im i t e d  e f f e c t s  can 

only suggest th e  d e te c t io n  o f a m olten  g lo b u le  s t a te  in te rm e d ia te  and 

such c o n c lu s io n s  would c le a r ly  b e n e f i t  from  f u r t h e r  and more d e ta i le d  

exam ination  o f  th e  r e fo ld in g  o f t h is  enzyme.

The r e fo ld in g  s tu d ie s  on p h o sp h o g lycera te  mutases have a ls o

h ig h lig h te d  a number o f p o t e n t ia l  c o m p lic a tio n s  which may be 

encountered d u r in g  such e x p e r im e n ta l work. The b akers  ye as t enzyme 

rep resen ted  perhaps th e  " id e a l"  system  fo r  r e fo ld in g  s tu d ie s .  

R e a c tiv a tio n  o f  t h is  enzyme was found to  be a lm ost c o m p le te ly  

re v e rs ib le  a t  c o n c e n tra t io n s  betw een 10 and 50 pg m l“ ’ (s e c t io n  3 . 3 . 4 .  

and Hermann e t  a i . ,  1983, 1 9 8 5 ). The d a ta  p re s e n te d  here was found to
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be a c lo s e  f i t  to  th e  k in e t ic  model o f  Hermann e t  a l .  (1983 ) bo th  in  

the presence ( in te rm e d ia te s  showing 0% a c t i v i t y )  and absence 

( in te rm e d ia te s  showing 35% a c t i v i t y )  o f  a p ro te in a s e  p u lse  p r io r  to  

assay (s e c t io n  3 . 3 . 4 . ) .  R e a c t iv a t io n  o f  th e  r a b b it  muscle enzyme was 

also  shown to  concur w ith  a k in e t ic  model proposed f o r  t h is  enzyme by 

Hermann e t  a l .  (1983) when a p ro te in a s e  p u lse  was in c lu d e d  (s e c t io n

4 . 3 . 3 .  ) .  However, the  r e fo ld in g  o f t h is  enzyme e x h ib ite d  le s s  than  

complete r e v e r s i b i l i t y .  The fo rm a tio n  o f  in te r s u b u n it  in a c t iv e  

aggregates re p re s e n ts  a m ajor com peting r e a c t io n  to  th e  c o r re c t  

r e fo ld in g  pathw ay o f th e  r a b b it  muscle enzyme. The fo rm a tio n  o f  these  

aggregates is  fa v o u re d  a t  h ig h e r  r e fo ld in g  c o n c e n tra t io n s  and 

th e re fo re  th e  r e a c t iv a t io n  o f th e  r a b b it  muscle enzyme is  o n ly  

co m p lete ly  r e v e r s ib le  a t  c o n c e n tra t io n s  o f 5 pg ml“ ’ (Hermann e t  a l .  , 

1983).  S im i la r  o b s e rv a tio n s  have been re p o rte d  here  w ith  lo w er le v e ls  

of r e a c t iv a t io n  observed a t  h ig h e r r e fo ld in g  c o n c e n tra t io n s  (s e c t io n

4.3.3. ).

R e a c tiv a tio n  o f  th e  monomeric S.pombe apoenzyme has been shown to  

occur v e ry  r a p id ly  w ith  some 85% o f a c t i v i t y  re g a in e d  w ith in  4 min o f  

r e fo ld in g  (s e c t io n  5 . 3 . 5 . ) .  T h is  ra p id  process has p a r a l l e ls  w ith  th e  

r e fo ld in g  o f  th e  s u b u n its  o f  the  o lig o m e r ic  b akers  y e a s t enzyme which  

occurs r a p id ly  w ith in  th e  f i r s t  m inu tes  o f r e fo ld in g  (Hermann e t  a l . ,  

1983) and em phasises t h a t  th e  r a te  l im i t in g  r e a c t io n s  o f  r e fo ld in g  in  

o lig o m e ric  system s a re  p ro b a b ly  th e  processes o f a s s o c ia t io n  which  

fo llo w  s u b u n it r e fo ld in g .
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In c o n tra s t to  th e  r e fo ld in g  o f th e  S.pombe enzyme, r e a c t iv a t io n  o f  

the monomeric enzymes from  wheat germ and A. nidulans co u ld  no t be 

demonstrated fo l lo w in g  d é n a tu ra t io n  in  GdnHCl (s e c t io n  6 . 3 . 7 . ) .  The 

in a b i l i t y  o f th e s e  enzymes to  r e f o ld  may r e s u l t  fro m  th e  i r r e v e r s ib le  

loss o f a c a t a l y t i c  m eta l io n  which may be re q u ire d  by th ese  enzymes 

(s ec tio n  7 . 1 . 1 . ) .  A l t e r n a t iv e ly ,  th e  la c k  o f  r e a c t iv a t io n  in  th ese  

enzymes may In d ic a te  an i n a b i l i t y  o f in vitro r e fo ld in g  c o n d it io n s  to  

mimic a c c u r a te ly  th e  processes o f  in vivo fo ld in g . In  th e  in vivo case  

processes o f c o - t r a n s la t io n a l  fo ld in g  may h e lp  to  c o -o rd in a te  c h a in  

fo ld in g  and domain a s s o c ia t io n  in  la rg e  p ro te in s  such as th e  wheat 

germ and A. nidulans enzymes so th a t  an a c t iv e  co n fo rm atio n  is  

c o rre c t ly  produced. D u rin g  in vitro r e fo ld in g  th ese  c o n tro ls  a re  

absent. S im i la r  d i f fe r e n c e s  between th e  in vivo and in  vitro system s  

could be invoked in  e x p la in in g  th e  phenomenon o f a g g reg a te  fo rm a tio n  

in the r a b b it  muscle enzyme and th e  a b i l i t y  o f th e  S. powhe apoenzyme 

to re g a in  f u l l  a c t i v i t y .

The use o f a p ro te in a s e  p u lse  in  th e  r e fo ld in g  s tu d ie s  re p o rte d  here  

has dem onstrated th e  presence o f r e fo ld in g  in te rm e d ia te s  w ith  reduced  

prote inase re s is ta n c e  and th e r e fo r e  a more open s t r u c tu r e .  An 

a d d it io n a l a im  o f t h is  te c h n iq u e  had been to  dem onstra te  th e  presence  

of compact p ro te in a s e  r e s is t a n t  frag m ents  o f s t r u c tu r e  re p re s e n t in g  

domains. Such s t r u c t u r a l  e lem en ts  a re  th oug ht to  r e f o ld  in d e p e n d e n tly  

and su b seq u en tly  a s s o c ia te  to  produce th e  n a t iv e  c o n f ig u r a t io n  (Adams 

<aj., 1980) .  I t  was hoped th a t  th e  use o f p ro te in a s e  tre a tm e n ts

during r e a c t iv a t io n  m ight g e n e ra te  in t a c t  fo ld in g  domains by c le av ag e
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at co n n ec tin g  re s id u e s . These fo ld in g  u n its  co u ld  th en  be a n a ly sed  

s t r u c tu r a l ly  and In  fragm ent re a s s o c la t lo n  s tu d ie s  such as have been 

ap p lied  to  la c t a t e  dehydrogenase (s e c t io n  1 . 7 . 3 . ) .  The search  fo r  

these s t r u c t u r a l  e lem ents  produced d u rin g  p ro te in a s e  tre a tm e n t o f  

re fo ld in g  enzyme was pursued a t  g re a te s t  le n g th  fo r  th e  bakers  yeast 

enzyme s in c e  most s t r u c t u r a l  In fo rm a tio n  which co u ld  be r e la te d  to  th e  

c h a r a c te r is t ic s  o f  th e  frag m en ts  Is  a v a i la b le  f o r  t h is  enzyme. 

Evidence fo r  low le v e ls  o f  fragm ent p ro d u c tio n  was observed f o r  t h is  

enzyme us in g  a th e rm o ly s in  tre a tm e n t (s e c t io n  3 . 3 . 4 . 3 . ) .  No o th e r  

p ro te in ase  o r  ph o sp h o g lycera te  mutase co m b ina tion  examined y ie ld e d  

fu rth e r  ev id en ce  o f such frag m ents  and th o se  from  th e  th e rm o ly s in  

treatm ent o f th e  b akers  y e a s t enzyme were no t p re s e n t a t  s u f f ic ie n t  

le v e ls  to  a l lo w  f u r t h e r  is o la t io n  and c h a r a c te r is a t io n .
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APPENDIX I.

SDS-PAQE.

SDS-PAGE was perforroed essentially by the method of Laeramli (1970). 

Slab gels were prepared and run using a Bethesda Research Laboratories 

Inc. vertical slab gel electrophoresis apparatus. The height of the 

separating gel was 10 cm and the stacking gel 4 cm. Gels were prepared 

in 0.8 oi X.5 mm thicknesses. Acrylamide and bls-acrylamide were 

present at a ratio of 30:0.8 respectively in both separating and 

stacking gels.

Separating gels comprised 0.375 M Tris-HCl buffer, pH 8.7, 0.1% w/v 

SDS and the required percentage acrylamide concentration and were 

polymerised by the addition of 0.35% v/v 10% ammonium persulphate 

solution and 0.075% R, N, R', R'- Tetramethylethylenediamine. Stacking 

gel comprised 0.125 M Tris-HCl buffer pH 6.8, 0.1% w/v SDS and 4% w/v 

acrylamide and were polymerised as for the separating gel. Samples for 

SDS-PAGE were prepared by mixing with an equal volume of double 

strength sample buffer comprising 0.125 M Tris-HCl buffer, pH 6.8, 3% 

w/v SDS, 10% v/v glycerol and 10% v/v 2-mercaptoethanol. Samples were 

boiled for 3 min and after cooling a mixture of 2-mercaptoethanol and

1% w/v bromophenol blue (50:50) was added to a final concentration of 
5% v/v.



Gels were stained In a solution containing 0.1% w/v Coomassie blue 

R250 (Cl 42660) in acetic acid: methanol: distilled water (2:2:5) for 

1 h and destalned in 10% acetic acid. Silver staining was performed as 
described below.

Silver staining.

Gels were silver stained essentially by the method of Vray et al. 

(1981) either directly following electrophoresis or after conventional 

Coomassie blue R250 staining. Gels were fixed In 50% v/v methanol 

containing 0.038% v/v formaldehyde overnight. The staining solution 

was prepared by mixing solution A comprising 0.8g silver nitrate in 4 

ml distilled water with solution B comprising 21 ml 0.36% w/v NaOH and 

1.4 ml 14.8 M UH.iOH. The staining solution was made up to 100 ml and 

used within 5 rain. Staining was for 15 rain with constant gentle 

^ ■ After staining the g©l was washed in several changes of 

distilled water and developed in 0.005% w/v citric acid solution 

containing 0.038% v/v formaldehyde until the required band intensity 

was achieved. Development was stopped using a 50% v/v methanol, 10% 

v/v acetic acid solution and the gel transfered to water for storage. 

Disposable gloves were used in all handling operations to avoid 

transfer of protein onto the gel surface.
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susceptibility towards proteolysis o f intermediates during  the 
‘n ituration o f yeast phosphoglycerate mntase

IChrist )phcr M. JOHNSON and Nicholas C. PRICE
iDepar nent of Biological Science, University of Stirling, Stirling FK9 4LA, Scotland, U.K.

ilie renaturation of the tetrameric enzyme phosphoglycerate mutase from baker’s yeast after dénaturation 
in guanidinium chloride was studied. Three proteinases (trypsin, Chymotrypsin and thermolysin) cause 
extensive loss of activity of samples taken during the early stages of refolding. As judged by 
SDS/polyacrylamide-gel electrophoresis, the proteinases cause substantial degradation of the polypeptide 
chain with no evidence for large quantities of fragments of greater than 6500. These data suggest that 
the early intermediates in the refolding, especially the folded monomer, possess a number of sites that are susceptible to proteolysis.

Introduction
The renaturation of oligomeric enzymes after denatura- [don by agents such as guanidinium chloride has proved Lto be a useful experimental model for the folding and âssociation of these enzymes during biosynthesis : Jacnicke, 1984). As shown by Hermann et al. (1981), the 'iinetic aspects of the re-association process and the I catalytic properties of intermediates can be explored by I comparing the rates of regain of enzyme activity and of Iquatemary structure, e.g. by the glutaraldehyde cross- I linking technique. In most cases, the activity of iintemiediates is small, if not zero (Jaenicke, 1982; jlacnicke & Rudolph, 1983), although exceptions have I been reported in the cases of rabbit muscle fructose jbisphosphate aldolase (Chan et al., 1973; Rudolph et al., 11977) and rabbit muscle creatine kinase (Grossman et al., 11981). In earlier work (Hermann et al., 1983, 1985) we Studied some aspects of the reconstitution of the Itetrameric enzyme phosphoglycerate mutase (EC 2.7.5.3) ifrom baker’s yeast. Over a range of concentrations, the p-association process could be described by a model of Ithetype: *+i4 M ^ 2 D ^ T  (1)

I where M, D and T represent monomer, dimer and Iwrairer respectively and where the values of k_, H  are 6.26x10» m-» s-», 6.0x 10-»s-» and 12.75 X 10» M *-s~» respectively in 50mM-sodium phos- Iphate mffer, pH 7.5, at 20 °C (Hermann et al., 1983). As IlM̂  by c.d., the enzyme regains approx. 85% of its Inative secondary structure within 30 s of the start of the Itcfold tig process, showing that M  in scheme (1) litres nts a folded monomer (Hermann et al., 1983). M, Panl T possess approx. 35%, 35% and 100% j'Rp« ively of the activity of native enzyme ; however, the jictiyit / of M  and D differs from that of T in being Isensiti /e to tiypsin (Hermann et al., 1985).I Sus eptibility to proteolysis has proved to be a valuable i®ethc I for studying structural changes in proteins during iwold ig (Girg et al., 1981; Price & Stevens, 1983a; phini 1 &. Blaschek, 1984). In the present paper we have Fplor ̂  the sensitivity of the enzyme during refolding to Iwrec lifferent proteinases, trypsin, chymotrypsin and
216

thermolysin. In all three cases there is a substantial loss of activity in the early stages of refolding. Analysis by SDS/polyacrylamide-gel electrophoresis shows that this loss of activity is associated with extensive digestion of the polĵ ptide chain. There was no evidence for the production of substantial quantities of fragments of Mj. ^ater than 6500, suggesting that the early formed intermediates possess a number of sites that are susceptible to proteolysis.

MATERIALS AND METHODS
The following companies supplî  the reagents listed: BDH Chemicals, guanidinium chloride (AristaR grade); Sigma Chemical Co., Reactive Blue 2-Ŝ harose CL-6B, Dalton Mark VII-L A/̂ -marker set, turkey egg-white proteinase-inhibitor protein (type II-T̂, a-chymotrypsin- 

[tosyl-lysylchloromethane (‘TLCK’)-treated, dialysed, freeze-dried], subtilisin BPN', elastase (type IV) and thermolysin (stabilized with calcium acetate and sodium acetate); Boehringer Mannheim, proteinase K from 
Tritirachium album Limber, 3-phosphoglycerate (grade I), 2,3-bisphosphoglycerate and enolase; Worthington Corp., trypsin (three times recrystallized, tosylphenyl- alanylchloromethane(‘ TPCK ’)-treated]; Bayer.aprotinin (Trasylol).
Phosphoglycerate mutase was initially prepared from baker’s yeast by the method reported previously (Price & Jaenicke, 1982). However, some difficulties were encount­ered in reproducing the ion-exchange step with different batches of DEAE-cellulose. An alternative method of purification was devised, taking advantage of the finding that yeast phosphoglycerate mutase binds to Cibacron Blue-Sepharose and can be eluted by bisphosphoglycerate (Price & Stevens, 19836). The purification procedure of de la Morena et al. (1968) was followed as far as fraction 3, which was then dialysed overnight (at 4 ®C) against 50 mM-sodium phosphate buffer, pH 7.5. The protein precipitated between 58% and 70% saturation with (NH4),S0« was collected and re-extracted by the procedure of de la Morena et al. (1968), and the fraction containing maximal activity was dialyŝ  against 10 mM- Tris/HCl buffer, pH 8.0. The dialysis residue was then applied to a column (10 cm x 1.8 cm*) of Cibacron
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Blue-Sepharose equilibrated against the Tris buffer. Unbound proteins were eluted by a wash with 20 ml of Tris buffer, and then some of the contaminating proteins (probably dehydrogenases and/or kinases) were eluted by a wash with 20 ml of Tris buffer containing 1 mM-AMP. Phosphoglycerate mutase was then eluted by a wash with 20 ml of Tris buffer containing 1 mM-bisphospho- glycerate. The fractions containing activity were com­bined, and the enzyme was precipitated by addition of solid (NH4),S04 to 80% saturation. Analysis by SDS/polyacrylamide-gel electrophoresis showed that the enzyme was at least 95% homogeneous by staining with Coomassie Blue, and the specific activity (850 /tmol of3-phosphoglycerate consumed/min per mg of protein) was comparable with previously reported values. The assay of enzyme activity by an enolase-coupled assay and spectrophotometric determination of protein concentra­tion were performed as described previously (Hermann 
et al., 1983).
Turkey egg-white proteinase-inhibitor protein was coupled to ̂ pharose 4B by using the CNBr activation procedure (March et al., 1974). The amount of inhibitor bound to the ̂1 was determined as 2.0 mg/ml of packed gel by measuring the protein removed after reaction by a series of sequential washes at pH 9.5 and pH 4.0. Control experiments showed that the immobilized inhibitor protein inactivated at least 97% of the activity of chymotrypsin or trypsin in solution under the conditions used in the refolding experiments (see below).Dénaturation in guanidinium chloride and refolding of phosphoglycerate mutase were performed as described previously (Hermann et al., 1983). Samples withdrawn from the renaturation mixture at various times were diluted if necessary to a standard protein concentration of 10 /tg/ml, and incubated for 1 min at 20 ®C with proteinase (20 /tg/ml or 5 /ig/m\) before enzyme assay or analysis by SDS/polyacrylamide-gel electrophoresis with the buffer system of Laemmli (1970) with 15 % -acrylamide slab gels of 1.5 mm thickness. The inhibition of thermolysin before SDS/polyacrylamide-gel electro­phoresis was performed by addition of EDTA (final concentration 2mM) (Girg et al., 1981). Trypsin and chymotrypsin could be effectively inhibited by addition of SDS to a final concentration of 0.1 % followed by rapid transfer to a boiling-water bath and incubation for 2 min at 100 ®C (Price St Stevens, 1982). Alternatively, the sample (3 ml) was mixed with 0.25 ml of immobilized turkey egg-white proteinase-inhibitor protein and centri- fu^ (1000 g for 1 min) before addition of SDS and boiling. The latter method had the advantage that trypsin and chymotrypsin could be effectively removed from solution, and hence bands due to these proteinases did not appear on SDS/polyacrylamide-gel electrophoresis. For the determination of Af̂ . the Dalton Mark VII-L marker set WM supplemented by addition of aprotinin (Mr 6500).Staining and destaining of gels with Coomassie Blue was performed by the procedure of Laemmli (1970). The gels were scanned with a Gelman DCD 16 scanner. Subsequent silver staining of the gels was performed by the method of Wray et al. (1981).

RESULTS AND DISCUSSION
Regain o f activity at diffinent enzyme concentrations
As shown in Fig. 1, phosphoglycerate mutase activity was regained rapidly following the dilution of guanidinium

Enzyme was denatured by incubation in 4 M-guanidinium 
chloride and renatured by dilution of the guanidinium 
chloride to 0.1m in SOmM-sodium phosphate buffer, 
pH 7.S, at 20 °C. The activity of samples taken was assayed 
in the absence of added proteinase. Final concentration 
during renaturation: V , 50/ig/ml; A , 30/tg/ml; □ , 
10 ;tg/ml. Continuous lines were calculated assuming the 
niodel shown in scheme (1), with the monomeric and 
dimeric intermediates each possessing 35% of the activity 
of the tetramer (Hermann et al., 1985).

chloride to 0.1 m. Data are shown for final enzyme concentrations of 10, 30 and 50 /ig/ml; the continuous lines in the Figure are calculated on the basis of the model (scheme 1) in which, in the absence of proteinases, the monomeric and dimeric species possess 35% of the activity of the tetramer (Hermann et al., 1985).
SosceirtibOity of native enzyme to proteolysis
In order to decide which proteinases might be suitable for exploring structural changes in the enzyme during refolding, some experiments were carried out in which native enzyme (400 ftg/ml) was incubated with various proteinases in ̂  mM-sodium phosphate buffer, pH 7.5, at 20 ®C: trypsin (40/tg/ml), chymotrypsin (40 /tg/ml), thermolysin (40/ig/ml), elastase (20/ig/ml), subtilisin (10/tg/ml) and proteinase K (lO/tg/ml). Under these conditions native enzyme was relatively stable towards trypsin, chymotr̂ sin and thermolysin (<10% loss of activity after 5 min, 40-65% loss after 60 min) but much less stable towards elastase, subtilisin and proteinase K (50%, 65% and 65% loss of activity respectively af cr 5 min). In general, these rates of loss of activity W':it correlated with the rates of loss of the intact subu ut polypeptide chain (Mj. 28000), as detected by SDS/ polyacrylamide-gel electrophoresis. Since intermedia cs of refolding are likely to be more susceptible than nat vc enzyme to proteolysis (Girg etal.,\9%\), it was conclue ed that, of the proteinases tested, trypsin, chymotrypsin i id thermolysin afforded the best possibilities of explor ng structural changes in the enzyme during refolding.

Effect of protdnases on enzyme activity during refoldi ig
When the activities of phosphoglycerate mutase ve :re assayed after 1 min incubation with proteinase, there ' as a marked decrease in activity regained, compared v th control samples that had been incubated for 1 min in he absence of proteinase before assay; this decrease v as especially marked at the early time points. Fig. 2 she jvs the residts obtained at a phosphoglycerate mut ise
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) Reconstitution of yeast phosphoglycerate mutase 619

Fig. 2. Ofect oi protdimes on the rc-acthratioB of phoopho- gtyoerate niBtaM
The final concentration of phosphoglycerate mutase during 
renaturation was 30/tg/ml. A> Activity assayed in the 
absence of added proteinase; # ,  O and □ , activity 
assayed after 1 min incubation with trypsin, chymotrypsin 
and thermolysin respectively (each 20 /tg/ml). The results 
obtained after incul^tion with proteinases at S /(g/ml were 
qualitatively similar although the effects were rather less 
marked. Other conditions were as indicated in Fig. 1 
legend. The continuous line A was calculated by using the 
model of scheme (1), with the monomeric and dimeric 
intermediates each assumed to possess 35% of the activity 
of the tetramer. The continuous line B was calculated by 
assuming these intermediates to possess zero activity.

concentration of 30 yug/ml during refolding; the results at 
10 fig/vcil and 50 /ig/m l showed a similar efficct. Under the conditions chosen, the activity of native phosphoglycerate mutase (in the absence or in the presence of 0.1 m- guanidinium chloride, the residual concentration of dénaturant during refolding) was not significantly cifiected by incubation with the proteinases for 1 min. The ( ontinuous line A in Fig. Z is calculated on the basis of the line in Fig. 1, i.e. that monomeric and dimeric species (ach possess 35% of the activity of the tetramer. The ( ontinuous line B in Fig. 2 is calculated on the basis that 1 he monomeric and dimeric species possess zero activity. ' lie results obtained in the presence of the proteinases i how reasonable agreement with the calculate line B, t hus confirming the earlier conclusion (Hermann et a/., 
985) that the activities of the monomeric and dimeric species are sensitive to trypsin, and extending this conclusion to the effects of other proteinases with ( iffering bond specificities.

INgestimi of phospbo^ycenite mutase by proteinases ( uring refoldiiig
SDS/polyacrylamide-gel electrophoresis was used to examine the digestion by proteinases of the enzyme

ib)

. ‘•10

1 2 3 4 5 6  7 8 9
Fig. 3. Digesdon of phoqilioglyccnite matase by protdaas» during refoMh^

Conditions were as indicated in Fig. 2 legend. Samples 
taken during renaturation were incubated for 1 min with 
proteinase (20/tg/ml) and then analysed by SDS/polyacryl- 
amide-gel electrophoresis, (a) Percentage of undigested 
polypeptide chain (Mf 28000) remaining plotted as a 
function of time of renaturation. # , O and □  represent 
digestion by trypsin, chymotrypsin and thermolysin 
respectively. The continuous line is the percentage of 
tetramer formed, c^culated in accordance with scheme (1) 
(see line B in Fig. 2). (h) SDS/polyacrylamide ^1 
electrophoresis of samples incubât^ with thermolysin. 
The gel was stained with silver according to the method of 
Wray et al. (1981). Lanes 1-7 represent samples taken after 
0.25,0.5, 1, 2, 5, 30 and 60 min renaturation respectively. 
Lane 8 represents native phosphoglycerate mutase incu­
bated with thermolysin under these conditions. Lane 9 
represents thermolysin. The A/, scale from standard 
proteins is shown on the right. Possible reasons for 
apparent negative silver staining of some proteins (e.g. 
thermolysin) have been discussed by Morrissey (1981).

during refolding. The results of these experiments are shovm in Fig. 3(a) for the refolding experiments performed at a phosphoglycerate mutase concentration of 30 /tg/ml and subsequent incubation with 20 /ig of proteinase/ml for 1 min. The ordinate represents the percentage of intact polypeptide chain (Aff 28000) material remaining after incubation with the proteinase relative to the control sample, which represents native enzyme. (It should be notĉ  that incubation of native enzyme with the proteinases under these conditions caused no significant digestion of the polypeptide chain.) It is clear that for all three proteinases tested (trypsin, chymotrypsin and thermolysin) there is very considerable
/ol. 236
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digwtion of the polypeptide chain at the early times of refolding and relatively little digestion at the later times. In general, and especially for thermolysin, the percentage of 28000-.A/r material remaining runs somewhat ahead of the percentage of tetramer formed (shown as the continuous line in Fig. 3a), which impUes that the monomeric and dimeric species are not completely digested under these conditions. However, by increasing the concentration of proteinase, a greater degree of digestion can be obtained. Thus, by using 80/tg of theraaolysin/ml, the amount of 28000-̂»/̂ material remaining in the sample taken at 0.25 min is reduced to 20^, compared with 32% at 20/tg of thermolysin/ml. (This mgher concentration of thermolysin did not cause any digestion of native enzyme under these conditions.)It IS not clear why the degree of inactivation caused by proteinases (Fig. 2) does not correlate exactly with the loss of the 28000-.3/r band shown in Fig. 3(a). The discrepancy could reflect the greater degree of experi­mental error in the latter measurements or indicate that inacùvation might be caused by the loss of only a few ammo acid residues from one end of the polypeptide chain (Winn et al., 1981; Fothergill & Harkins, 1982). Some of the inactivated enzyme, which would not necessarily be resolved from native enzyme by SDS/poly- acryl̂ ide-gel electrophoresis under our conditions, could also undergo more extensive digestion.T̂ e gels were examined carefully for evidence of distinct frâ nents formed by the action of proteinases on ŝ ples during refolding. Such fragments would presum­ably represent compact folded units, which would be resistant to digestion by proteinases. In the cases of ti^sm and Chymotrypsin, there was no evidence for any distinct fragments of greater than 6500 in any samples dunng refolding (from 0.25 min to 60 min). This conclusion was reached with the use of Coomassie Blue or the more sensitive silver staining procedure. In the case of thermolysin, staining with Coomassie Blue (and more particularly with silver) revealed the presence of fragments in the 12000-15000-range from samples taken at early time points but to a lesser extent from those token from later time points (Fig. 3h). However, the degree of staining by Coomassie Blue of these fragments
order of magnitude less than tne 28000-Afp band of the control sample, showing that even at the early time points most of the polypeptide chain 

" degraded to small fragments (A/, less than
The overall conclusion from these experiments is that, at early time points (less than 2 min) during refolding,

when thcfoldedmonomericform predominates (Hermannet al., 1983, 1985), the polypeptide chain is highly susceptible to the action of the proteinases trypsin, Chymotrypsin and thermolysin. Since most of the enzyme appears to be digested to fragments of A/, less than 6500,It would appear that the folded monomeric, and probably the dimenc, speaes have a large number of susceptible TOnds. It IS noteworthy that the c.d. experiments (Hermann et al., 1983) show that the folded monomer possesses approx. 85% of the secondary structure of 
results in the present paper imply that this folded structure is still rather ‘loose’, with a number ot exposed sites for attack by protéinases; these sites are

C. M. Johnson and N. C. Pr *

presimably rendered less accessible during subseque it association of the monomers (and dimers) and/or ‘tightening’ of the subunit structure. The small amou it of fragments generated by thermolysin at short times if refolding (Fig. 3¿>) implies that at least one of the fii jt bonds to be cleaved in the folded monomer is located ne ir the centre of the polypeptide chain. Examination of the anuno acid sequence of the enzyme (Fothergill 4 Harkins, 1982) reveals a tetraproUne sequence (119-122) almost exactly in the centre of the chain of 241 amino aads. Since the initial events in the folding of polypeptide chains are thought to involve formation of secondary structures such as a-helices (Jaenicke, 1982) that cannot ^ommodate proline residues (Chou & Fasman, 1978), it is tempting to postulate that an early event in the refolding of the phosphoglycerate mutose subunit involves the separate folding of the two halves of the l̂ypeptide chain, so as to leave exposed one or more bonds near the tetraproline sequence. The purification and further characterization of proteolytic fragments will be necessary to provide confirmation of this hypothesis.
We thank the Science and Engineering Research Council for 

nnanaal support.
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S26 C. M. Johnson and N. C. Prie

previously (Hermann et ai., 1983). The susceptibUty to fnoteolysis during referfding was measured as described by Johnson & Price (1986).Fluorescence studies were performed at 20**C in a Perkin-Elmer MPF 3A fluonmeter. Spectra were re­corded IS min after addition GdnHCl; no further changes occurred after this time. The quenching of jnrotein fluorescence by acrylamide and suednimide was performed as desoibed by Eftink & GbircMi (1984), with the appropriate corrections described by these authors being made for dilution and ̂inner filter* effects. Before use, acrylamide and succinimide were reciystallized from ethyl acetate and ethanol respectively.C.d. spectra were recorded at 20 in a Jobin-Yvon Dichrographe IV, in cells of 0.1 mm path-length. The resulting spectra were analysed for sectmdary structure by the procedure of Siegel et aL (1980). Îpectra were recorded IS nun after addition of GdnHCl.The activity of phosphoglycerate mutase in GdnHQ could not be measured directly by the standard enolase-coupled-assay procedure (Grisolia, 1962), be­cause of the pronounoKl effects of the dénaturant at concentrations above about O.S m on the activity of the coupling enzyme. Accordingly, a discontinuous assay was employed, in whidi 0.1 ml samples of the reaction mixture (enzyme in 30 mM-Tris/HO buffer, pH 7.0, containing 10 mM-3-phosphoglycerate and 0.3mM-2,3- bisphô hoglycerate at 30 **C) were add^ to a mixture containing (final volume 1 ml) the following com­ponents; 30 mM-Tris/HQ buffer, pH 7.0, 20 mM-KCl, 5 mM-MgSO«, 0.2 mM-ADP, O.IS mM-NADH, 20/tg of enolase, 18/<g of pyruvate kinase and 6/tg of lactate dehydrô ase. The very rapid fall in of this mixture(after correction for dilution) is a measure of the2-phosphoglycerate formed in the sample from the phosphoglycerate mutase-catalysed reaction. By taking the difference in the fall in between the samples withdrawn O.S min and 3 min after the initiation of the phosphoglycerate mutase-catalysed reaction, the rate of production of 2-phosphoglycerate could be calculated. Control experiments showed that, under the conditions employed, the rate of the mutase-catalysed reaction was constant over this period (up to 3 min reaction) and directly proportional to the amount of enzyme added. In addition, because of the greater sensitivity of the triple-coupled assay (involving oxidation of NADH) compared with the single-coupled assay (involving production of phosphoenolpyruvate), it was possible to study the mutase-catalysed reaction at GdnHCl concen­trations up to 2 M, since the maximum carry-over of dénaturant to the second stage was ̂  0.2 m, which had no detectable effect on the metabolism of 2-phospho­glycerate by the coupling system.

RESULTS AND DISCUSSION
Presence of Z^-Mavhosphoÿycerate in preparations of pbocqiboglycenite mutsse from S . pombe
During the course of this work, it became clear that the preparations of phosphoglycerate mutase from S. pombe still contained a significant concentration of 2,3- bisphosphoglycerate after the Sephadex G-2S gel- filtration step. Thus the enzyme in the absence of added2,3-bisphosphoglycerate showed approx. 50% of the activity obtained in the presence of saturating (0.3 mM)

cofactor. Extensive dialysis of the preparation agains SO mu-sodium phosphate, pH 7.5, led to almost (XMnplet removal of 2,3-bisf̂ osphoÿycerate [< 2% activit' ĉ Merved in the absence of added cofactor; a value whici could be accounted for by the presence of trace amount (< 0.005%) of the cofactor in Grade I 3-phospho glycerate]. By measuring the activity after addition o known concentrations of 2,3-bisphosphoglycerate to th< dialysed enzyme, the apparent for the cofactor coulcbe estimated as 17±1.3;tM (in the presence of 10 mu-3-phosphoglycerate). By analogous procedures, the apparent values for 2,3-bisphosphoglycerate were estimated as 14±1 pu and 7±6.1 pu. for the enzymes from baker's yeast and rabbit muscle respectively. These values lie within the range (0.1-120/<m) reported by GrisoUa & Carreras (1975) for different 2,3-bisphospho- glycerate-dependent enzymes. From the ol̂ rved activity of the S. pombe enzyme in the absence of added2,3-bisphosphoglycerate, the,concentration of cofactor in the stock solution of undialysed enzyme prepared by redissolving the freeze-dried material (0.5 mg/ml) could be calculated to be approx. 10 mu. It is reasonable to propose that the undialysed enzyme exists predominantly in the phosphorylated form, since the baker’s-yeast enzyme exists in this form in the presence of 2,3- bisphosphoglycerate (Winn et ai., 1981).
Stability of S . pombe phospho^ycerate mntase
Solutions of undialysed enzyme retained ^ 90% activity on storage for 7 days at — 18®C, even if a number of freeze-thaw cycles occurred during this period. By contrast, the dialysed enzyme was much less stable on storage, llius four freeze-thaw cycles within a 24 h period resulted in the loss of > 90% activity. Addition of 2,3-bisphosphoglycerate (2 mu) to the dialysed enzyme restored the stability to freeze-thaw cycles.The effects of four proteinases on the activity of S. 

pombe phosphô ycerate mutase are shown in Fig. l(u). In all cases studied (chymotrypsin, trypsin, proteinase K and thermolysin) there was relatively little effect (> 75% activity retained) of incubation of the undialysed enzyme with proteinase [1:1 (w/w) ratio] for a 2 h period. Howevever, the dialysed enzyme was much more susceptible to proteolysis (Fig. 16). With chymotrypsin, ^ 5% activity remained a^r 30 min; with tr̂sin, proteinase K and thermolysin, 35%, 50% and 65% activity remained respectively. Addition of 2mM-2,3- bisphosphoglycerate to the dialysed enzyme complet ly restored the resistance to proteolysis (Fig. 16).Analysis by SDS/polyacrylamide-gel electrophon .is of the mixtures in wÛch the dialysed enzyme had b :n incubated with proteinases showed that the loss of activity was associated with extensive digestion of le polypeptide chain, since there was no evidence accumulation of fragments of greater than 6500.The conclusion from these experiments is that le undialysed enzyme, in which the enzyme presum; ly exists in its phosphorylated form, must possess a it e compact, stable, structure than the dialysed (dephos] 0 enẑ e. In previous work with the rabbit muscle enz- s (Price et cd., 19856) it was also found that v phosphorylated form of the enzyme was less suscepti 3 to proteolysis by thermolysin than the dephosp - enzyme.
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Fluorescence was recorded in 50 mM-sodium phosphate buffer, pH 7.5, at 20 “C. The excitation and emission wavelengths were 
290 and 325 nm respectively, (a) Changes in fluorescence in the presence of GdnHCl. The enzyme concentration was 10 ̂ g/ml: 
A , dialysed enzyme; • ,  undialysed enzyme. The changes are expressed relative to the total change between 0 and 2 M-GdnHQ. 
(h) Stem-Volmer plot for quenching of fluorescence. The enzyme concentration was 17 yug/ml. On the ordinate F and refer 
to the fluorescence in the presence and absence of quencher respectively. # ,  O. Quenching by acrylamide; A» quenching 
by succinimide; # ,  A . dialysed enzyme; O, A . dialysed enzyme plus 0.3 mM-2,3-bisphosphoglycerate.

4

/ \

S. pombe enzyme can be estimated as 5.6; this number is similar to that found (5) in the subunits of the en­zymes from baker’s yeast (Fothergill & Harkins, 1982) and rabbit muscle (Johnson & Price, 1987). The average degree of exposure of the tryptophan side chains in the 
S. pombe enzyme was assessed by the relative fluorescence quenching caused by succinimide and acrylamide (Eftink & Ghiron, 1984). Fig. 3(6) shows the fluorescence­quenching data for the dialysed enzyme in the form of Stem-Volmer plots; from the slopes of these plots the ratio K̂ /Kf̂  (a measure of the relative effective­ness of the two quenchers and hence of the degree of ex­posure of the fluorophores) is estimate as 0.48. There is no significant effect on this ratio of addition of2,3-bisphosphô ycerate, indicating that the changes in stmcture associated with the increased stability of the phosphoenzyme do not affect the average exposure of tryptophan side chains. The tryptophan side chains in the 5. pombe enzyme are more exposed than those in the baker’s-yeast or rabbit muscle enzymes, for which the ŝ/̂ A values are 0.33 and 0.43 respectively (Johnson & Price, 1987). It should also be noted that in a previous paper attention has been drawn to the changes in environments of the tryptophan side chains which may occur in association of the subunits of the baker’s-yeast enzyme during renaturation (Hermann et al.̂  1983).
(c) Changes in c.d. The c.d. spectra over the range 205-250 nm of S. pombe phosphoglycerate mutase in the absence and presence of GdnHCl (2 m) are shown in Fig. 4(a). There is no significant further change in the spectrum when the concentration of GdnHCl is raised to 4 M. The spectra can be compared with those previously published for the baker’s yeast and rabbit muscle enzymes (Hermann et al.̂  1983 ; Price et ai, 19856). In the absence of GdnHCl the value of often taken as a measure of the helical content of proteins (Chen et al..

1974), for the dialysed S. pombe enzyme (— 7800 degrees*cm**dmol~̂ ) is considerably greater than that for the baker’s-yeast and rabbit muscle enzymes (— 5100 and —4900 degrees*cm*-dmol“* respectively). For the undialysed S. pombe enzyme the value of ̂„5 is —9000 degrees * cm* * dmol"̂By the analysis of Siegel et al. (1980), which depends on the values of 6 over a range of wavelengths from 210 to 240 nm, the percentage of helical structure can be estimated as 27.9 ± 1.6, 39.8 ±1.6 (S. pombe dialysed and undialysed respectively), 12.2 ±1.9 (baker’s yeast) and 9.7 ±2 (rabbit muscle). It should be noted that the percentage helical structure for the baker’s-yeast enzyme derived from c.d. is lower than that (30%) determined by X-ray crystallography (Campbell et a!., 1974). Possible reasons for this discrepancy have been discussed previously (Hermann et al., 1983).The loss of secondary structure of S. pombe phosph > glycerate mutase on addition of GdnHCl can monitored by the changes in 6̂ 5 (Fig. 46). The structui x\ changes occur at somewhat lugher concentrations >f denaturing agent for the undialysed enzyme, agf n pointing to its greater conformational stability. T e midpoints of the changes occur at GdnHCl concent) i- tions of 0.95 M (dialysed) and 1.15 m (undialysed).Analogous experiments were performed for t e baker’s-yeast and rabbit muscle enzymes (Fig. 4c). n these cases the changes in occur over a similar rar ;e of GdnHCl concentrations to those giving the flu( r- escence changes noted previously (Johnson & Pri1987). The midpoints of the changes occur at GdnF 1 concentrations of 1.20 m (baker’s yeast) and l.H vf (rabbit muscle).
(d) Compaiisoii of the varioos measurements. When 1 ’e data relating to activity (Fig. 2), fluorescence (Fig. ?j) and c.d. (Fig. 46) of the undialysed S. pombe enzyme jre
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rr

reproducible. The data for dialysed enzyme at a concentration o f 12/ig/m l during renaturation are shown in Fig. 5(a). The effect o f dithiothreitol suggested that the S. potnbe enzyme might possess one or more thiol groups which could be damaged during the denaturation-renaturation procedure. By using ^ e  thiol-specific reagent 5,5'-dithiobis-(2-nitrobenzoic acid) 
(EUman, 1959) it was shown that the 5. pmnbe enzyme possessed 0.98 mol o f thiol groups/mol in the absence or presence o f the denaturing agent SDS. This cysteine side chain does not appear to be essential for activity, since treatment with potassiiun tetrathionate causes no inactivation (Price et al., 198Sa), a result confirmed in the 
present work.The susceptibility o f the activity o f the enzyme during renaturation toward proteolysis was examined by the method used in studies o f the renaturation o f the baker’s-yeast enzyme (Johnson & Price, 1986). On incubation o f samples for 1 min at a phosphoglycerate mutase : proteinase ratio of 1:2 (w /w ), there was no effect 
o f trypsin or thermolysin on t ^  activity o f the enzyme 
at any time point during renaturation (Fig. 5a). Chymotrypsin and proteinase K had a small effect on the activity, but only at very short times (O.Smin) o f renaturation (Fig. Sa). Under the conditions employed, 
the proteinases had no effect on the activity o f native 
enzyme.tlie  rate o f regain o f activity o f the S. pombe enzyme was stu d iò  at concentrations o f 1-24/eg/m l during refolding. As shown in Fig. 5(3), there is no significant effect o f concentration on the rate or extent o f the 
process.These results can be compared with those obtained from studies o f the renaturation o f the tetrameric bakerVyeast enzyme (Hermann et al., 1983, 1985; 
Johnson & Price, 1986). In this case there are profound effects o f protein concentrations on both the rate and the extent o f regain o f activity. These effects arise respectively from second-order association steps and the limited 
stability o f intermediates in the folding pathway (Hermann et al., 1983). The folded monomeric species which predominates at early times (0.5 min) is very sensitive to proteolysis by trypsin, ch ym otr^ in  and thermolysin (Johnson & l4ioe, 1986), but this sensitivity 
is lost on subsequent association to form the native tetrameric enzyme. For the monomeric enzyme from S. pon^, tlte results o f the present work show that acti­
vity is regained rapidly in a process with no d e ^ t-  able concentration-dependence under the conditions studied, and that this rapidly formed species resembles

the native enzyme in terms o f its stability towards pre teolysis. The differences in behaviour between th baker’s-yeast and S. pern^ enzymes are presumably . consequence o f tbeir different quaternary structures 
since the association of subunits in the former ha been shown to make the subunits more compact am less susceptible to proteolysis (Johnson & Price, 1986).

We thank the Science and Engineering Research Council fo 
general financial support, and Professor Roger Pain for help in 
obtaining the c.d. spectra.
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Co-factor-independent phosphoglycerate mutases
CHRISTOPHER M. JOHNSON. M A R TIN  i. GORE 
and NICHOLAS C. PRICE
Dvparlmeni of Biological Science. University of Stirling, 
Stirling h'KV 4LA. Scotland. U.K.

Phosphoglyccralc mutascs catalyse the interconversion of 2- 
and 3-phosphoglycerates. It has been recognized for some 
lime that the enzymes fall into two distinct categories: those 
which require the co-factor 2.3-bisphosphoglycerate for 
activity and those which arc active in the absence of this 
co-factor. The former group includes the enzymes from mam­
malian sources, baker’s yeast, Escherichia coli, insects and 
crustaceans, whereas the latter group includes enzymes from 
plant sources, fílamentous fungi, coelenterates and arachnids 
(Grisolia &  Joyce, 1959; Ray A Peck, 1972; Carreras et al„ 
1982; Price ei aL, 1983). The co-factor-dependent enzymes 
catalyse an intermolecular phosphoryl group transfer, 
whereas in the case of the co-factor-independent enzymes, 
the transfer is intramolecular (Gatehouse &  Knowles, 1977).

The observations that vanadate inhibits only the co-factor- 
dependent enzymes (Carreras et a!.. 1980) and that Cibacron 
Blue F3GA binds only to the co-factor-depcndenl enzymes 
(Price & Stevens, 1983) point to fundamental structural 
and mechanistic differences between the two classes of 
enzymes. However, in both classes the phosphoryl group 
transfer proceeds with retention of configuration (Blättler &  
Knowles, 1980), suggesting that at least some features of the 
reactions may be common.

At present, much more is known about the structure of 
the co-factor-dependent enzymes, and the amino acid 
sequence and X-ray structure of the tetrameric enzyme from 
baker's yeast have been determined, allowing a detailed 
mechanism of action of this enzyme to be proposed (Winn 
Cl a!.. 1981; Fothergill & Harkins, 1982).

The enzyme from Bacillus sp. is co-factor-indcpcndent 
but appears to have an absolute requirement for Mn’ "̂ for 
activity. The M, of the monomeric enzyme has been deter­
mined as 61 000 {B. megaterium) and 74000 (B. subtiUs) 
(Singh & Setlow, 1979; Watabe & Freese, 1979). Recently, 
evidence has been presented that the enzyme from wheat 
germ may also be a metalloenzyme since (i) it is inhibited by 
a number of chelating agents and (ii) addition of Cô "̂  or 
Mn’ ’̂ is necessary to promote re-folding of the enzyme after 
denaturation by guanidine hydrochloride (Smith &  Hass, 
1985; Smith ct a!., 1986). Since the wheat germ enzyme is 
apparently a monomer of M, — 60000 (Leadlay et a!.. 
1977; Smith & Hass, 1985), it is possible that the co-factor- 
mdependent enzymes might possess a common structural 
pattern.

We have explored this possibility by examining the sen­
sitivity of enzyme activity from a number of sources to the 
chelating agents EOTA and 8-hydroxyquinoline-5-sulphonic 
acid (HQSA) and by determining the M, o f the active form 
by gel filtration on Sephacryl S-300. Partially purified 
extracts obtained by ammonium sulphate fractionation 
followed by dialysis were studied in all cases, except for 
rabbit muscle, baker's yeast and Schizosaccharomyces 
pomhe, which were studied as the purified enzymes (Price 
et a!.. 1985). The results of these experiments are shown in 
Table I. It is clear that there is a marked difference in 
sensitivity to the chelating agents between the co-factor- 
dependent and co-factor-independent enzymes. The latter 
group all display sensitivity to the chelating agents and have 
M, values 5:60000. By contrast, the co-factor-dependent 
enzymes arc stable (<10%  activity lost in 3h) in the 
presence of the chelating agents and have a range of M,

Table I. Sensitivity to chelating agents and M, values of 
phosphoglycerate mutases

Stability towards the chelating agents (ImM) was tested in 
0.1 M-Tris-HQ buffer, pH 8.7 at 2(PC. M, values were deter­
mined by gel filtration on Sephacryl S-300 in 50mM-sodium 
phosphate buffer, pH 7.5 at 4®C.

Activity stable to

Source of enzyme EDTA HQSA M.

Co-factor-dependent
Baker's yeast Yes Yes 110000
Candida utilLs Yes Yes 112000
Rabbit muscle Yes Yes 56000
Schizosaccharomvces pomhe Yes Yes 23000
Klebsiella aerogenes Yes Yes 62000
Escherichia coli Yes Yes 57000

Co-factor-indcpendcnt
Potato No No 60000
Aspergillus nidulans No No 60000
Wheat germ No No 52000
Mung bean No No 63000
(Bacillus No N.D. 61000. 74000)*

*N.D. = not determined. Data taken from Singh A Setlow (1979);
Watabc & Freese (1979).

values, consistent with the known differences in quaternary 
structure (Price et a!., 1985). It should be noted that the 
co-factor-dependent enzymes from baker's yeast, rabbit 
muscle. S. pomhe and Candida uiilis all showed a marked 
instability in the control solutions, in the absence of chelat­
ing agents, with ~  50% activity lost in 1 h. There were 
also marked differences in the rates of loss activity ol the 
co-factor-independent enzymes; thus, the potato enzyme 
lost 25% activity in the presence of HQSA in 1 h, whereas the 
Aspergillus nidulans enzyme lost 95% activity in this time.

The results obtained lends support to the proposal that 
there may be a common structural pattern among the 
co-factor-indcpcndcnt phosphoglycerate mutases. It remains 
a task for future work to study further examples of this case 
of enzymes; to determine the type(s) of metal ion concerned 
and to establish the role played by such ions in the mechanism 
of the enzymes.
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