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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

Tom 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 1ion
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 GdnHClI 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 1its cofactor. This difference was also manifest 1In the
enzyme®s thermostability and proteinase resistance. The sedimentation
velocity of this fTorm of the enzyme was 1increased 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 ¥ 57

in_jicator of bond accessibility.

The bakers yeast enzyme refolds with high eff iciency at
e—oru.entrations between 10 and 50 pg mI“" 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

Vi



pg m1l *. 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 Tfollowing dénaturation in
GdnHCI. This Ffinding may relate to the possible metal 1ion requirement
of these enzymes or reflect an inability of 1iIn vitro refolding to
mirai*, accurately 1In vivo fol.ding in which co-translati.onal princesses

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

ling® of the renaturation studies are €ensidered in reta-“ion to

elding of other piulélns which have bésn ex3.cined end to th

model of protein folding in Vi ro.
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Cofactor dependent phosphoglycerate nutases have been Isolated from a
wide vrange of vertebrate sources, some iInvertebrates (lInsects,
Crustacea, annelids and molluscs), yeasts and In some algae, fungi and
bacteria. Cofactor iIndependent phosphoglycerate mutases have been
isolated from plant sources, some invertebrates (sponges,
coelenterates, arachnids and myriapods) and iIn some algae, Tungi and
bacteria (Grisolia and Joyce, 1959, Vatabe and Freese, 1979, Singh and
Setlow, 1979, Carreras et alJ. , 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 1independent 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 Tirst investigated i1In 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-



enzya nechanlsn for the rabbit nuscle enzyme i1n 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 iIn 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 Ilabels 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-
histldine 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 i1ig>licated an
intramolecular phosphoryl transfer in the wheat germ enzyme. The
possible 1i1nvolvement of a 2,3-cycllc phosphate i1on was excluded by
subsequent studies using "®0 labelled substrates and IB'®0 enriched

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



therefore seened to catalyse an Intranolecular phosj?bryl transfer via
a phosphoenzyiae Interaedlate. Attaints to isolate such an Intermediate
were unsuccessftul and 1t 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 Blattler and Knowles (1980) defined the
stereochemical course of the phosphoryl transfer iIn the rabbit muscle
and wheat germ enzymes using chirally labelled 2-C™Q, 7’0, ’@0)
phosphoglycerate. Inversion of the pyramidal configuration of the
phosphoryl group 1i1s characteristic of single enzyme catalysed
transfers (Blattler 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 1In
both cases (Blattler and Knowles, 1980). On the basis of these and
earlier observations Blattler 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 lIsomerases (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 al. ,
1975, Rose and Dube, 1976.). This finding 1is 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 Grilsolla,
1959, Fernandez and Grlsolla, 1960, Carreras et alJ., 1982) and,
although its presence has been implicated, no phosphoenzyme
intermediate has been characterised. The differing pH optima 1is
perhaps evidence that the residue mediating the phosphoryl transfer

may not be histidine i1n 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 iInsufficient kinetic data

to warrant a more detailed consideration of this area.



1.2. Coiactor dependent phosphog-lyrprata )

1.2. 1. fiacgitfirojyces 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 1is a tetramer of Mr 110,000 comprised of Ffour
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
atrangement of 1identical subunits. Each subunit is comprised of a core
of six strands of 8-sheet, the Tfirst 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 1indicated 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
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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 wvdiich
6-sheet 1s i1ndicated by thick hatched lines and a-helix by thick

black lines. Fig. 4b shows the first 185 residues of the mutase
subunit 1n a simplified manner with the helices Ilcdselled from the
N-terminus according to the scheme of Campbell et al. (1974). Fig- 4c
and d i1llustrate the first 165 residues of the lactate dehydrogenase
subunit in a similar manner to Fig. 4a and b for comparison.



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 (Inn 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 1s close to the 3-carbon Jlocus 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 Ilocus (VInn et

al., 1981).

The i1nvolvement 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 1in the rabbit muscle enzyme (Blattler and Knowles,
1980) 1is consistent with a mechanism In the bakers yeast enzyme

proceeding with an even number of transfers, 1l.e; S-P -» His 8-P 4 S-P



rather than S-P » Hie 8-P » His 179-P » S-P, where S-P 1Is the
phosphorylated substrate. ExasInatlon of the active site shows
additionally that the histidine 8 » 179 transfer |Is sterlcally
unfavourable (VInn 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 | » V
(Chiba and Suglmoto, 1959, Chiba et al. , 1960). The specific activity
of successive components Is approximately one quarter lower than that
of corrpjojierrt I suggesting combinations of 0O 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 Tflexible tall which could adopt a structure modulating
access to the active site ((VInn 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 1t 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



rapidly Ol10* 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 1Is 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 1is distinct from the ™"active site” histidine
containing peptides reported by Haggarty and Fothergill (1980).
Without further sequence or structural iInformation it is not possible
to distinguish whether the cysteine residue i1s functional iIn catalysis
or 1f binding of the modifying reagents block access to the active
site. However, both possibilities imply its presence at or near the

active site.

It 1s well documented that the phosphoglycerate mutases from mammalian
sources such as rabbit muscle occur 1In three 1isoenzyme 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, Kkidney

and erythrocytes whereas the MM type Isoenzyme 1is found 1i1n muscle.

10



Both BB and MX types and the MB hybrid are found in heart tissue
although there 1is some evidence that the hybrid isoenzyme also occurs

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

— Schlzosdccharoayces pombe phosphoglycerate mutagp.

In contrast to S.cerevisiae which divides by budding mechanisms,
S.pombe divides by medial fission. Further differences 1in 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 (Kaufer 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 1iIn that It iIs 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

11



S.pombe enzyme is not affected by cysteine modifying reagents such as
potassium tetrathlonate. Furthermore, the potential rdole 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.
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1.2.5. Cofactor dependence! rimminn ~ffltlirpfi.

The cofactor dependent phosphoglycerate najtases i1solated from a range
of sources seem to fTit i1nto a common structural pattern, namely a
monomeric, dimeric or tetrameric configuration with a subunit Mr 1in
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 1nactivated by cysteine modifying
reagents whilst iIn 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 1i1nvolvement of other residues 1In the enzymes iInteraction 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 1is thought to 1i1nhibit enzymes
involving a phosphoenzyme intermediate through the structural
similarity of the pentavalent vanadium i1on to the transition state of
the phosphoryl group (Macara, 1980). Such inhibition 1is 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 Tfold" iIn
kinases and dehydrogenases (Thon~on et aJ., 1975). However,
subsequent work cast doubt on 1its specificity for this structural
element and 1t is now more widely accepted that a configuration of p-
sheets flanked by a a-helices leads to a "funnelling” of the dye iInto
the hydrophoblcally situated binding sites where Tfurther 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 dInucleotlde fold 1i.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
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it Is probably this feature that accounts for Its binding to Cibacron
Blue  F3GA. The binding of a range of cofactor dependent
phosphoglycerate nutases 1s 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 futase fron wheat germ is probably the most
extensively studied of the cofactor iIndependent 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 iIn 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 concetent.

A possible metal 1ion 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 1s 1iInhibited by various

chelators and apparently requires the presence of Co™~" or Mn*” to be
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reactivated following dénaturation In GdnHCI. 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 1Is arrested and 3-
phosphoglycerate accumulates In the cells (Oh and Freese, 1976). The
phosphoglycerate mutase of B.subtilis was shown to have a M
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

K™, The apparent Km for Mi™" was 4.5 pM.

The purification of phosphoglycerate mutase from Bacillus megaterium
has also been reported (Singh and Setlow, 1979). This enzyme 1is 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 1i1nhibited by EDTA and subsequently recovered

following addition of 1 an MY™A/. The apparent Km for lin=" was 40 pK.

3% Other COfactor i1ndependent phosphoglycerate imitagAg.

Cofactor Independent phosphoglycerate nutases have been Isolated from
a wide range of plant and fungal sources (Grilsolla 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, 1Ito and Grilsolla, 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 fungit and determined native Mr values of between 40,000 and 60,000

from these sources.

13 .4 . Cofactor Independence: gnmmnn f<atures.

From the Ilimited 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 M or Co™ requirement for

activity. The observations of Smith et al. (1986) suggest that the
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netal lon(s) nny bO closfily assocl&"tsd wli*th "tho wliCo™ £%rin OnzynO
sine® thOy appOar to play a rol© in structural rOgaln following

dénaturation In GdnHCI.

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, iIn combination with the mechanistic differences
discussed 1In 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 mitases.

BIsphosphoglycerate mutase (E.C. 2.7.5.4.) catalyses the iInter-
conversion of 1,3- and 2,3-blsphosphoglycerates. In mammals the levels
of 2,3-blsphosphoglycerate i1n 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 iIn erythrocytes but low 1n all
other tissues examined. Hevertheless, the majority of monophospho-
glycerate mutase activity in erythrocytes still seems to be expressed

by phosphoglycerate mutase (Fothergill-GlImore, 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 iIntermediates (Han and
Rose, 1979) which have Kkinetic 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 T-
terminal sequences of the human, rabbit and horse bisphosphoglycerate

Mutase enzymes as indicated in Fig. 6.
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The strong structural similarities between the bisphosphoglycerate
mutase and cofactor dependent phosphoglycerate mutase enzymes are
consistent with their abilities to catalyse the same reactions. The
homology between these two groups is far greater than that between the
cofactor dependent and independent phosphoglycerate mutases. Such
homology is perhaps evidence of a common evolutionary origin for these
two groups or that the bisphosphoglycerate mutases have evolved from

the more ubiquitously distributed phosphoglycerate mutases.

—E£NQteln. folding and refolding; theoretical aspect?”.

The mechanism by which polypeptides acquire their unique functional
conformation is an area of molecular biology which s till remains to be
thoroughly defined. This transition from one dimensional to three
dimensional conformation, either as a post- or co-translational event,
is commonly refered to as protein folding. The study of protein
fuiding wusing in vivo or in vitro systems is not a practicable
proposition due to the complications arising from the presence of the

cellular synthetic machinery and the low levels of folded product

obtained.

The pioneering studies of Vu (1931), Forthrop (1932) and Anson and
Kirsky (1934a, 1934b) in the 1930's demonstrated the reversibility of
the protein dénaturation renaturation processes. These authors
demonstrated that proteins could refold to their native conformation

lowing removal of denaturing forces. Subsequent work by Anfinsen
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(see for example, Anflnsen, 1966) showed that all the i1nformation
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 i1s 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 1In vivo
protein Tfolding. At least two criteria suggest that comparisons
between these systems are valid. Firstly, the time scale of refolding
is similar to that of iIn vivo folding and secondly, the product of
refolding has structural and Tfunctional characteristics which are

similar, 1If not 1identical, to those of the original protein (Jaenicke

and Rudolph, 1986).

Since the 1930*s protein refolding has been widely employed i1n an
attempt to elucidate the mechanisms of iIn vivo folding. The refolding
of pure material under carefully controlled iIn 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 1In vivo protein Tfolding could be envisaged as
occurring 1In stages as a co-translatlonal process. There 1iIs 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 wup™ efficiently during refolding studies

(Teschner et aJ. , 1987).
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In the case of ollgoaerlc proteins i1t Is clear that the processes of
polypeptide folding agjst be closely co-ordinated with the association
of subunits 1iInto the required quaternary structure. This 1Increased
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 iInteractions becomes a major competing reaction to the
correct processes of subunit folding and association (Tiipel and
Koshland, 1971, Zettlmelssel et aj., 1979). The refolding of proteins,
and i1n particular that of oligomeric systems, must therefore be
examined under optimal conditions 1In order to mimic accurately the

processes of in viva folding.

The time scale of protein refolding 1i1s generally rapid (seconds to
minutes) and 1In such periods there 1i1s not sufficient time for a
polypeptide to examine randomly all potential structures iIn search of
Its correct functional conformation (Levinthal, 1968). As a result a
number of refolding pathway models have been proposed iIn order to
limit the number of possible conformations iInto 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 i1ts 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 Tfolding 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 1t 1is
possible that a number of different kernels or molten globule states,
and the pathways interconnecting them, may exist during refolding.
However, it 1s the principle of progressively directing these
intermediates towards the native structure by limiting accessibility
to all conformations that 1s 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 1s some support for such a mechanism of
structure formation iIn 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 nlInlnua such that the native confornatlon only
represents the energy minima of klnetlcally accessible structures. The
biosynthesis of the class | 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 iIntermediate 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 1include 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. PrQtellL refolding; e"peringnt.al apprnarhog

Proteins are readily denatured by a nunber of treatments 1including
extremes of pH, heating, organic solvents, detergents (e.g; SDS),
chaotroplc agents, urea and guanidine hydrochloride. The use of the
latter two agents 1i1s most common since the degree of unfolding
produced is greater and dénaturation therefore approaches a two state
mechanism (Pace and Vanderberg, 1979). Guanidine hydrochloride
(GdnHCI) 1s 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
GdnHCI and urea denature proteins 1i1s 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 iIs 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 1s generally very short and as such the
definition of iIndividual 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 U 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 DIA 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 role of
specific residues or sequences of amino acids on the mechanisms of
refolding might be elucidated (King and Yu, 1986, Ramdas and Fall,
1986, Hatthews 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.
17y. Protein refolding; experimental observat!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. VIth 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~ . 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 () 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 conclusions were supported by the observation that the
activation energy of the Us”=fc Uf reaction (85 kJ mol-\ Schmid and
Baldwin, 1978) was similar to that of a cis-trans prollne
isomerization (84 kJ mol~’, Brandts et al., 1975). The typical
equilibrium of Us and Uf in the above scheme is BOX and 20% of the

total unfolded species respectively (Garel and Baldwin, 1973).

Subsequent work has indicated that two slow refolding species (Us* and
Us” ) are populated from Uf. At equilibrium Us** the faster of the
two slow refolding species, represents 65-70% of the total unfolded
species with Us* comprising 10-15%. Us** is thought to contain only
one incorrect proline Isomer (Pro 93) whereas Us* contains additional
proline residue(s) in the trans configuration (Schmid et al., 1986).
The refolding of the Us** species is fairly well understood and seems
to be dependent on the folding conditions. Under strongly native
conditions (e.g. in the presence of (ITH")2S0.i) Us** refolds through
two intermediates, li and Im, before the isomerization of the Pro 93
to the native configuration. 1li is a structure of open configuration
but with local H-bonded secondary structure formed by rapid refolding
of Us**. Ilw is a native-like intermediate, formed following subsequent
refolding of i, which has a hydrophobic Interior, nucleotide binding
capacity and catalytic activity. It differs from N only in some
spectral properties and the configuration of Pro 93 (Schmid, 1983,
Schmid et al., 1986, Schmid. 1986). The refolding of Ub* is less well

documented primarily due to its low level in the pool of U species.
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The refolding of ribonucléase A, and 1in particular the slightly
artificial refolding of the Us** species under strongly native
conditionSi fits into the general pattern of the folding pathway
considered 1In section 1.5. Rapid collapse of structure during
refolding, presumably via kernel formation, produces the molten
globule state (i and In) which refold further to establish In and
undergo subsequent covalent modification as the rate limiting reaction

in the formation of T.

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 iIn Fig. 7. This scheme involves a rapid

nitial collapse to a ™molten globular" structure containing one of a

set of disulphide bonds (6-30, 30-51 or 5-55). These residue pairings
characterise the subsequent pathway which i1nvolves the rearrangement
of covalent and non-covalent bonds to yield the native configuration

(I; 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 1s 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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— SfifdldIng 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 i1ndependently with the subsequent association of the folded
units comprising the rate limiting reaction 1in 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
GdnHCI 1s characterised by a slow first order process with o
approximately 30 min. Using spectroscopic techniques an intermediate
(In) has been defined with Tfluorescence and circular dichrolsm
properties i1dentical to the native enzyme. I is formed rapidly within
15 s of refolding and seems to represent a highly folded but Inactive
conformation, 1Ll.e; the molten globule state. A second intermediate

<I2) i1s formed from this state in a slower phase and differs from

30



in Its resistance to the proteinases trypsin and thermolysln. The rate

of lz formation and the activation energy of the |, > I transition is
consistent with a process of prollne isomerization. IS subsequently
converted to the native enzyme <S) in the slowest process of all. The

appearance of U is detected as the reactivation of the enzyme and the
conversion 12 > N seems to be affected by solvent viscosity. The
conclusion of Teschner et al. (1987) from these observations is that
this conversion represents processes during which folded wunits are
moving relative to one another such as during domain association.
There is some evidence that a direct route of U formation from I,
exists in that no lag in reactivation is observed corresponding to the
I. = U- > N pathway. This route presumably reflects |, species

containing the proline configuration of the native enzyme.

Appioximately 30% of denatured octopine dehydrogenase forms an
incorrectly folded inactive species (X) which does not arise through
intermolecular aggregation. The fluorescence characteristics of X
suggest its formation from the denatured enzyme rather than 1li. The
origin of the incorrect refolding to X is unknown but does not seem to
be irreversible since X may be separated from N, denatured and
refolded to yield 70% F and 30% X. The scheme for the refolding

pathway of octopine dehydrogenase is thus;
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U D) Il might be envisaged as the collapse to a molten globule state
with Il + F and i » 12 » 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 Tformation of X during refolding in vitro perhaps
reflects the contribution of the vectorial processes of in ViIvo
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. Reroldlag of oligoreric proteias.

The refolding of monomeric proteins considered above Is dependent on
sequential or parallel Tfirst order reactions as rate Ilimiting
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
iIs comprised of fTour 1identical subunits arranged 1iIn a tetrahedral
configuration. Intersubunit contact areas show pairwise Interactions
and the enzyme therefore represents a dimer of dimers (Holbrook et
ar., 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 coig>etlnhg reaction to correct vrefolding.
Aggregate fTormation 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 fTormation 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 Kkinetics 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 (T1). Tetramerization
parallels the reactivation kinetics and therefore T is the sole active
species. The scheme for the pathway of lactate dehydrogenase refolding

is thus;

VHOIG AGGSEGATES

with K =3 X 10® M-" and k = 3.15 x 10 M"™ s~’ at 20°C.
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Figure 8. Effect of enzyme concentration on the extent of reacti-

vation and aggregation during the refolding of lactate
dehydrogenase (from Zettlmeissl et al., 1979).



Subsequent work by Glrg et al. (1981) showed that the dimeric species
could be trapped iIn a stable configuration by the addition of
thermolysin one minute after the Initiation of refolding by which time
the X D) D transition was essentially conplete. Sndgroup analysis of
these dimers showed that the V-termlnal acetylation present 1iIn the
native enzyme was missing. The i1ng>llcatlon was therefore that a number
of amino acids had been cleaved from the V-terminal region and that
these residues were required fTor stabilisation of the native
tetrameric configuration. As conformation of this, the X-ray
crystallographic structure (Holbrook et al., 1975) did 1indeed show
that the dimer of dimers was held together by an X-termlnal arm of
approximately 20 amino acids. The sites of cleavage 1in this arm are
only accessible during refolding and not i1n 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
dichroism similar to the native enzyme and approximately 50% of the
native Tfluorescence. 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 1iIs present iIn the dimers.
The dimers also exhibited approximately 40% of the native catalytic

activity iIn the presence of "'structure-making” 1ons 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 GdnHCI
indicating that separate domains or fragments of a protein nay be able
to fold and associate correctly even without iInter-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 1ions tightening of the globular structure of the
dimeric iIntermediates 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 Tfull

activity in the normal pathway of refolding.

1.8, Catalysis of protein folding iIn 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 iIn the exai”™les considered above. The
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transition seems to involve a general "tightening™ of structure in
association with changes in disulphide bonding and non-covalent
interactions. Recent evidence has emerged that these processes may be

enzyme catalysed during in vivo folding.

The enzyme peptidyl prolyl isomerase <PPI) has been Isolated from pig
kidney by Fischer and Bang (1985). Lang et al. (1987) have shown that
this enzyme catalyses the refolding of a number of proteins that have
Us refolding species. Evans et al. (1987) have also shown that this
enzyme may have a role in catalysing prollne isomerization in the
native configuration of Staphylococcal nuclease. Similarly, the enzyme
protein disulphide isomerase (PDI> has been shown to catalyse the
assembly of procollagen from its constituent polypeptides via
disulphide bond formation (Myllyla and Koivu, 1987) and has been found
in association with antibody polypeptides in vivo (Roth and Pierce,
1987). However, despite this evidence the exact catalytic rbéle of

these enzymes during in vivo folding is not yet known.

1.9. Protein refolding; applications.

Protein refolding is the only technique currently available which
allows an examination of the mechanisms of in vivo protein folding.
The elucidation of these mechanisms is of considerable scientific
interest as these complex processes comprise an essential event on the
pathway between stored genetic information and its expression in the

form of functional protein. Refolding studies are thought to act as a
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suitable model for iIn vivo protein folding providing that the
refolding conditions are carefully controlled. However, in any
conparlsons 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 i1nitio, 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 iIn vivo. These result from
problems encountered when eukaryotic genes are cloned 1Into and
expressed in prokaryotic vectors such as Escherichia coll. In such
cases the gene product 1is often produced as 1i1nsoluble aggregated

material which form dense Inclusion bodies (Marston, 1986). This
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phenomenon may partly result from the inability of the prokaryotic
environment to process successfully the foreign polypeptides. The
process is useful for the purposes of purification since
the inclusion bodies w ill sediment readily with low speed
centrifugation. However, to obtain active product the protein must be
denatured and refolded into its correct configuration. Aggregated
material is denatured in the presence of a reductant which breaks any
intermolecular disulphide bonds. In this state the removal of
dénaturant and provision of an oxidising environment allows the
protein to refold to its active configuration. Clearly the definition
of the refolding <conditions producing optimum vyield of correctly
folded product could be obtained from preliminary protein refolding
studies such as those reviewed in section 1.7.
! 1. Dénaturation and .rgioldIng studies on phosphoglycerate mutase<
Phcsphoglycerate mutases provide an ideal system with which certain
aspects of the processes of protein refolding can be studied. The
interesting division of cofactor requirement in these enzymes is
associated with further mechanistic and structural differences between
the two groups (sections 1.1., 1.2. and 1.3.). The cofactor dependent
and Independent enzymes can therefore provide interesting comparisons
between the refolding of analogous proteins. In the case of the
cofactor dependent phosphoglycerate mutases considerable structural
and mechanistic Information is available which can be related to the

observed processes of refolding. The X-ray structure and amino acid
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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 representsa Tairly small monomeric protein, the
cofactor 1i1ndependent 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 TfTolding
and association processes during refolding. These three levels of
complexity are comparableto the examples of protein refolding

considered iIn 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 1iIn
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 1i1ncluding different levels of
structural cons>lexity and requirement for cofactor. The dénaturation
transitions were monitored through Hloss of catalytic activity and
changes iIn protein fluorescence and circular dichrolsm. Refolding and

reassociation following dénaturation in GdnHCI 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 i1nformation where available. It was
also proposed to Investigate the possible metal lon 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 1lon 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. Microorganisms and other biological materials.

Fresh bakers yeast 1Saccharoj”ces cerevisiae™) was the kind gift of the
Distillers Company Ltd., Menstrie, Scotland. Scbizosaccbaromyces pombe
(CKI 39917) and Candida utilis CCKI 23311) were obtained from the
Commonwealth Mycologlcal Institute, Kew, England. Aspergillus nidulans
BB 272 was supplied by Dr.L.Stevens, University of Stirling,
Scotland. Escbericbia coll and Klebsiella aerogenes cultures were
supplied by Dr.M BTorth, University of Stirling, Scotland. Wheat germ,

potatoes and mung beans were obtained from local retail suppliers.

27"1-2. Proteins, substrates and co-enzymes.

Purified phosphoglycerate mutase from bakers yeast, S.pombe, A._nidulans

and wheat germ were prepared as described in sections 3.2., 5.2. and
6.2. Purified phosphoglycerate mutase from rabbit muscle was obtained
from Boehringer Mannheim as a 5 mg ml-° (JHa)2S0a suspension. Coupling

enzymes used including enolase from rabbit muscle (10 mg ml“’) and
pyruvate kinase/lactate dehydrogenase mixture from rabbit muscle (4 nmg
®L ’) were supplied by Boehringer as (IH.*)2SOa suspensions. Boehringer
also supplied proteinase K from Trltiracbium album Limber and aldolase
from rabbit muscle. Sigma Chemical Co. supplied the following
proteins; bovine serum albumin, ovalbumin, trypsinogen, cytochrome C,

lysozyme, Dalton Mark VII SDS—PAGE Mr marker set, thermolysin, a-
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chyootrypeln (tosyllysylchloronethane (TLCK) treated), subtlllsin
BP1”, elastase type IV, V-8 proteinase fron Staphylococcus aureus and
turkey egg-white protelnase-Inhlbltor protein (type 11-T). Trypsin
(tosylphenylalanylchloronethane (TPCK) treated) three tines
recrystal ll1zed was obtained from Vorthlngton Gorp, and aprotinln
(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 HIADH. Sigma supplied the

2,3-blsphosphoglycerate used.

2.1.3. Chemicals.

GdnHCI  (Arlstar grade), acrylamide and 1,H-methylene-blsacrylamlde
(both Electran grade) were supplied by BDH. (HH.*)2So * (specially low
In heavy metals) was supplied by Flsons. All other chemicals used were

of A.R. grade.

2.4, 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.

Afiz=ssaent Oi1 protein hoaggenelty and relative aolecular nass.

2.2. 1.1. SDS-PAGB.

Polyacrylanlde gel electrophoresis 1iIn 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 L
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 10% 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 sang>les loaded onto gels using a
Hamilton syringe. Sai:ople volume after preparation was 10-200 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 iIn 10% 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 iIn Appendix L. After staining and destalnlng,gels were scanned



densitometrlcally wusing a Shlnadzu CCS-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 66 ,000), ovalbumin @&5,000), 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 1In Fig. 9.
Aprotinln (6,500) was used to supplement the Dalton Mark VIl 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
manufacturers recommendations were fTollowed 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
knowmn relative molecular mass; bovine serum albumin (66,000),
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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Rm

Figure 9. Migration of standard proteins relative to their Log Mr
folllowing SDS-PAGE on a 12% polyacrylcunide separating
gel.

Rn values express the migration of proteins relative to the bromo-
phenol blue present iIn each sample.



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.

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 O 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.

For purified phosphoglycerate mutase the protein concentration was

determined from the absorbance at 280 nm wusing the published

absorption coefficients (A8 0* ™ 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 iIn
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 (518). 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 iIn 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 1isomerization of 3-phosphoglycerate to 2-phosphoglycerate 1is
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 I0pg (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 (60 pi maximum) and the rate of

increase In A”ao at 30°C monitored. One unit of phosphoglycerate
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mutase activity was defined as producing an Increase In Az™o of 0.1
min~" and Is equivalent to 0.115 pool of 3-phosphoglycerate
metabolised nIn~" (CGrilsolla, 1962). To ensure that the enolase
coupling system did not become rate Qlimiting the amount of
phosphoglycerate mutase added was adjusted to give a A Az«o of less

than 0.15 mIn~* (l.e.; less than 1.5 units were added).

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 IADH as a result of lactate formation Is followed as
a decrease In absorbance at 340 mm. The Initial reaction mixture
contained, i1n a final volume of 1 ml; I0mM 3-phosphoglycerate and 0.3

2,3-bisphosphoglycerate (cofactor dependent enzymes only) In 30 mK
Tris-HCl buffer, pH 7.0; at 30°C. Phosphoglycerate mutase (60 pi

oaxlmum) was added to this system to Initiate the reaction. After
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defined iIntervals 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 KCI, 5 mM MgSO”™, 0.2 mM ADP, 0.15 mM HADH, 20 pg
@©.8 units) of enolase, 18 pg <7.5 units) of pyruvate kinase and 6 pg
(7 units) of lactate dehydrogenase In 30 mM Trls-HCI buffer, pH 7.0,
at 30°C. The i1mmediate drop iIn 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 1In
As40 at two time Intervals the rate of 2-phosphoglycerate production
in the 1i1nitial 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 AcZo .

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 iIn 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 1is low. Furthermore, the absorbance of
phosphoenolpyruvate at 240 nm, monitored 1in the continuous enolase
coupled assay, 1is dependent on the assay conditions (section 1.1.1.)

and therefore the enolase assay 1is unsuitable for detailed Kkinetic

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 fAltase activity
in the presence of GdnHCI 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 GdnHCI 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 enzame 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, Dénaturation of DhoaphoglYcerate fiGtase by GdnHCi .

The dénaturation of phosphoglycerate mutase by GdnHCI was monitored

using three methods.

4_1.-Loss of catalytic activity.

The activity of phosphoglycerate mutase In the presence of GdnHCI was
studied using the stopped triple coupled assay system. GdnHCI 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 futase and so there was no period of pre-Incubatlon
of enzyne In GdnHCI. 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 fTluorescence.

Fluorescence measurements were made at 20°C In a PerklIn-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 nmm. Phosphoglycerate nutase fluorescence emission
was determined In the presence and absence of GdnHCI. Enzyme and
GdnHCI were pre-Incubated 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 GdnHCI blanks were Included.
All  fluorescence measurements presented are uncorrected for the
wavelength dependence of photomultiplier output but Include correction
for the contributions of GdnHCI and/or buffer at the appropriate

wavelengths.

N 2.4.3. Changes In circular dlchrotea.

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

DIchrographe 1V using 0.1 mm path length quartz cells. The elllpticlty
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of phosphoglycerate autaee was nonltored between 205 and 250 nn In the
presence and absence of GdnHCI. Bnzyne and GdnHCI were pre~Incubated
for 15 nIn 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 (©,rw) = - arw X racorded elltpticltv x 3300
protein concentration x cell path length

where mrw i1s the mean residue weight of an amino acid ((10), recorded
ellipticity i1s measured iIn degrees taking into account the sensitivity
setting of the iInstrument, protein concentration is In mg ml“*" and

cell path length is in cm. The units of Bwv, are thus deg. cm ”

dmol““~.

22 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 1In section 2.2 .4.2. except that

excitation was at 295 nm and emission was monitored at a TfTixed
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wavelength of 325 mm. The acrylanlde and succinlmide used iIn 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 TfTluorescence emission was
determined after each addition and recorded values were corrected for
protein dilution and the ™"inner Tilter effect"” described by Ward

(1985).

The correction factor (c¢) for the inner TfTilter effect was calculated

as;

(-10-"))

Ao (1-10-«t)

where A, iIs the absorbance of the protein at 295 nm corrected for
dillution and At is the combined absorbance of the protein and quencher
st 295 mm. 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 1i1Intermediate

concentrations produced during the serial addition of quencher.
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Corrected fluorescence quenching data were expressed In the fom of
Stern-Volner plots as the quencher concentration plotted against the
ratio of the Initial fluorescence emission of the quenched
fluorescence (Fo/F). The slopes of these plots give Ka and Ks values

for acrylamide and succlnlmlde respectively.

Succlnlmide 1s a less effective quencher of protein fluorescence since
its physical size in relation to acrylamide (approximately 20% larger;
Bdward, 1970) reduces 1its ability to penetrate a protein®s Mtrix and
quench burled aromatic residues. In addition, succinlmide quenching 1is
relatively inefficient i1n 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
efficiencies (Ks/Ka) determined from the Stern-Volmer plots 1is
therefore regarded as an i1ndicator of the relative exposure of
fluorophores iIn a protein. A higher Ks/Ka ratio indicates greater

solvent exposure of fluorophores.

Bftink and Ghiron (1984) examined a vrange 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 iIn these
proteins was re-examined here as a suitable control to the studies on

phosphoglycerate mutases.
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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
GdnHCI 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 GdnHCI for the bakers yeast and rabbit
muscle enzymes and 40 min In 2 X GdnHClI 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
DIT. Rapid conversion from denaturing to renaturlng conditions
(obtained by dillution) Is known to be Important In limiting Incorrect
aggregate formation during refolding (Zettlmelssl et al., 1979). In
these studies the dilution TfTactors 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 GdnHCI 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
sanples, 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 GdnHCI, 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 GdnHCI.

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 GdnHCI were processed using identical procedures. In
all cases there was no evidence of any proteolytic degradation of the

native enzyme subunit In coig)arlson with untreated controls.

~ 2.7. RPABQyal and Inhibition of protelnagas In sanplee fnr

SDS-PAGB analysis.

~2.7,1, Renoval nf trypsin and chynotrypsin.

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-Inhlbltor protein was coupled to Sepharose
4B using the cynogen bronlde activation procedure of March et al.
(1974) by Dr. L.C.Price. The amount of Inhibitor bound to the gel was
determined as 2.0 qg mI" of packed gel. Following Incubation of the
renaturlng enzyme with trypsin or chymotrypsin for 1 min, samples were
mixed with the Immobilized Inhibitor In a ratio 12:1 v/v (sai*Mle:
inhibitor) and centrifuged at 1,000 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 Jleast 97% of proteinase activity was

removed from samples using this procedure.

2217 ,2F Inhibition of thermolysin.

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

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

chelates Z"-" lons essential for the activity of thermolysln and Is
thus an effective Inhibitor (Glrg et aJ., 1981). Saig>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
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with the fragnent pattern resulting i1roa 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 iIn the presence of SDS and 2-
nercaptoethanol) 1Is 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



ri. 11TBQDUCTIQI.

Phosphoglycerate futase from bakers yeast Is a tetrameric enzyme of Hr
110,000 comprised of four Identical subunits of Kr 28,000 (Hodwell et
ar., 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).

The refolding of the bakers yeast enzyme has been examined In some
detail by Hermann et al. (1983, 1985). These authors used the
glutaraldehyde cross-linking technique to examine the Kkinetics 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) TfTollowed by a

bimolecular association of dimers to tetramers (1) as indicated;

ki
aMm 2D
k—,
with k, = 6.25 X 10® K" 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
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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 (G Bin at 20
/g 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 iIndicated 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 @@-
phosphoglycerate and 2 ,3-bisphosphoglycerate) during refolding
increased the rate constants of reassoclatlon, 1iIn particular shifting
the equilibrium between monomer and dimer towards the dimer. The
kinetics of reactivation were also affected and could only be
successfully fTitted 1i1f the dimeric species were assumed to retain

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

1985).
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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 Tfluorescence were more
complex with only 20% of native fluorescence being recovered 1in the
folded monomer. The fTull native fluorescence was regained In parallel
with the appearance of dimeric and tetrameric species. The difference
In fluorescence between the monomeric and dImerlc/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.
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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 GdnHCI was monitored as loss of catalytic activity
and through changes 1i1n 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 iIn these studies were selected from preliminary inactivation
experiments on the native enzyme. Through the use of a number of
different proteinases during the pulse 1t was hoped that compact
proteinase-resistant fragments of structure might be 1i1solated at
various stages during refolding. These fragments might represent
compact fTolding domains similar to those generated by thermolysin
treatment of Mlactate 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 iInformation could therefore

indicate specific Interactions between polypeptide sequences during

the refolding of the enzyme.



rg. METHODS.

3.2.1. 1SQlatlQn of phosphoylyc”~rate Adtase from S. nfrvi

Phosphoglycerate fldtase was isolated 1ron 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.

Fresh bakers yeast was lysed by mixing with 1 M @70 ml 1 X
1IUOH/455 g wet weight yeast) and stirring slowly at room teils>erature
for 18-20 h. To the above quantity of lysate was added 250 ml
distilled water, 180 g 1lU)20.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 1) was added 30 g of (1lIU)2So*. After stirring for 30 min
Fraction | was centrifuged at 27,000 g for 20 min and the supernatant
discarded. The precipitate was re-dissolved in 100 ml of buffer to
give Fraction Il. Fraction Il 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

min. The resultant supernatant was discarded and the precipitate
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tho roughly re-suspended in 40 bl of buffer wusing a Potter
honogeniser. After centrifuging the re-suspended material at 27,0009
for 20 min the supernatant containing re-extracted protein was
retained. The precipitate was re-suspended iIn a Tfurther 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 111

which was dialysed against 4 litres of buffer overnight.

To dialysed Fraction 111 solid (IlHa>2Soa 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 (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 <i11*)280"
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.
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Two procedures were enployed in the further purification of the re-
extracted enzyne preparation. In the Tfirst procedure the dialysed
fraction was applied to a DBAB-cellulose colum (12 cb x 3.8 cm¥*)
equilibrated against 10 bN Trils-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-HCI 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*)2Soa 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 i1on 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 (G 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 fiXK 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 Tris-HCI buffer, pH 8.0, and their pH re-adJusted to
8.0 with dilute HCIl. Phosphoglycerate nutase activity eilaerged as a
single peak and fractions containing more than 10% 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.*>230.* 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 GdnHCI were monitored

as described In section 2 .2 4.

N 2 3. T?usceptiblllty of native bakers yeast phosphoglyceratp wii-huga

to protétnafipg.

Inactivation and proteolytic degradation of the native bakers yeast
enzyme was examined using sSix proteinases. Hative enzyme, at a
concentration of 400 pg ml-\ was iIncubated 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
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(10 fig ni ’> Saiq}les taken after up to 300 nIn Incubation were
assayed for activity and analysed for proteolytic degradation by SDS-

PACE.

Preliminary investigation with all protelnases at 40 fig mlI“* indicated
a wide range of susceptibilities and the above concentrations were
selected as a result of these 1initial studies such that a general

graduated response was achieved over the incubation period.

3*2141 BenaturatlQll 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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ma. RESULTS AID DISCUSSIO¥.

3.3.1. laolatlon and characterisation of bakers yeast phosphoglycerate

autese.

Details of a typical purification of phosphoglycerate nutase fron
250 g of fresh bakers yeast by the methods described iIn section 3.2.1.
are given iIn 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 1i1s 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 iIn 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 1iIn the purification protocol (section
3.2.1.). The co-purification of the contaminant protein under native
conditions fTollowing Sephacryl S-300 gel Tiltration indicates that
this protein may be oligomeric since 1i1ts Mr 1is similar to that
reported for native phosphoglycerate mutase (110,000; Price and
Jaenicke, 1982). Further extensive investigation of purification
conditions, iIncluding the use of additional 1AD®, 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 SPECIFIC YIEU)  PURIFICATION
PROTEIN ACTIVITYy ~ D) (fold)

(U19)) (units mg”)

> 1,314,500 2115 622 100 1
1 897,000 1339 670 68 1.1
i 634,300 774 820 48 1.3
At 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+ 164,500 21 7830 12.5 12.6
SEPHAROSE
FRACTIOVIES

Table 2. Purification of phosphoglycerate mutase from 250 g of fresh
baker®"s yeast.

* Fraction | represents partially purified material following heat
treatment In the presence of (\H™)230" and NaijEDTA.

t Fractions A-F were re-extracted from a 58-70% (\Hi*)20u precipitate
of fraction I11.

+ 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 TfTiltration using
Sephacryl S-300 as 110,000 + 11,000. Details of the operation and
calibration of this system are described 1in section 2.2.1.2.
This value, and that for the subunit Mr Tfollowing 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 1s a

tetramer of Mr approximately 110,000.

The Km of the enzyme in 30 mM Tris-HCl buffer, pH 7.0, and iIn 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 iIn terms of the trace amounts of co-factor present
In the grade 1 3-phosphoglycerate wused (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. PaaatwratlQn O1 bakers yaast phosphoglycerate mitase by GdnHCI.

3.3.2.1. Loss of catalytic activity.

The activity of the bakers yeast enzyme 1in the presence of GdnHCI 1is
shovm 1n Fig. 12. Evidently, there 1s a progressive decline in
activity over the concentration range of approximately 0-1.5 M GdnHCI

with 50% inactivation occurring at 0.65 M.

3.3.2.2. Changes iIn fluorescence.

The fluorescence emission spectra of the bakers yeast enzyme 1i1n the
presence and absence of 4 M GdnHCI are shown in Fig. 13. The X max of
the native enzyme 1i1s 328 nm. In the presence of 4 M GdnHCI 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 iIn the
spectrum of the bakers yeast enzyme i1n the presence of 2 or 4 M GdnHCI
indicating that the GdnHCI Induced changes i1n fTluorescence were

complete following Incubation at the lower concentration.

The shape and X laax of the fluorescence spectra iIn Fig. 13 are in
close agreement with those reported by Hermann et al. (1983) for the
bakers yeast enzyme i1n the presence and absence of 4 M GdnHCI. The X
nax of the spectrum in the presence of 4M GdnHCI 1s characteristic of
highly solvent exposed aromatic residues such as occur 1iIn denatured

proteins (Teipel and Koshland, 1971). Hermann et al, (1983) have
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Figure 13. Fluorescence spectra of baker’s yeast phosphoglyoerate
mutase iIn the presence cird cliasence of 4 M GdnHCI,

~ker*"s yeast phosphoglycerate mutase (10 pg mI* at 20°C. The
~uorescence excitation was at 290 nm and the emission monitored
300 and 400 nm. Instrximent  sensitivity was X lo.
w , enzyme iIn 50 mM sodium phosphate buffer, pH 7.5;
r enzyme in the presence of 4 M GdnHCL.



reported that the bakers yeast enzyme Is completely dissociated iInto
subunits In the presence of 4 K GdnHCI. The Tfluorescence spectra of
the enzyme under these conditions (Fig. 13 and Hermann et al, , 1983)
thus indicate that the dissociation of the subunits i1s accompanied by
greatly increased exposure of aromatic residues presumably as a result

of subunit dissociation and unfolding.

The fTluorescence emission of the bakers yeast enzyme at 325 nm as a
function of GdnHCI at iIntermediate concentrations between 0 and 2 K 1is
shomn In Fig. 14. There 1is an initial small 1increase in fluorescence
intensity at concentrations up to 1 M GdnHCI 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 i1s 1.1 M
GdnHCI. There was no further change iIn fluorescence intensity when the
GdnHClI concentration was increased to 2 or 4 M. Changes 1In 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
15 M GdnHCI. The reasons for the initial 1iIncrease in fluorescence
intensity, which is accompanied by a small shift of X max from 328 to
330nm, are unclear. However, this iIncrease must reflect some change 1iIn
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 i1s thus possible that removal of such a

group from the environment of a tryptophan residue could produce an

increase In fluorescence intensity.
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Figure 14. Fluorescence of baker®s yeast phosphoglycerate mutase iIn
the presence of GdnHCI.

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 1Is e>g>ressed

eL«tr change between O and 2 M GdnHCI. Fluorescence

mission in the presence of 2 M GdnHCI was approximately one quarter
mat of the native enzyme (Fig. 13) .



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 GdnHCI 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 iIndicates 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 al.,
1974) indicates that the spectral methods are consistently
underestimating the percentage helical cojgxment. The reason for this

discrepancy could lie In the positive contribution of p-turns to the

elllpticlty of proteins over the wavelength range 200-240 nm (Chang et
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Figure 15, Cjrcular dichroism spectra of baker®s yeast phosphoglycerate
mutase iIn the presence and cibsence of 4 M GdnHCL.

Enzyme In 50 mM sodium phosphate buffer, pH 7.5, at 20°C iIn the presence
0 ) and absence ( 0] ) of 4 M GdnHCI.



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 ldentical 1n crystals and In

solution.

The spectrum of the bakers yeast enzyme in the presence of 4 M GdnHCI
shows a reduction in elliptlclty (l.e; becoming less negative) over
the wavelength range studied. This spectrum 1is similar to that
reported by Hermann et al. <1983) for their enzyme 1iIn the presence of
4 K GdnHCI. Both spectra are similar to that of un-ordered or random
structure in proteins (Chang et al., 1978). In the presence of 2 M
GdnHClI there appeared to be some helical structure remaining iIn the
bakers yeast enzyme (spectrum not shovm). Under these conditions the
change in between O and 4 M GdnHCI 1is only 85% complete. This
fact reflects the relative resistance of a-hellcal structure to
perturbation and it 1is presumably the disruption of this component

bich is one of the Tfinal events in the dénaturation of the bakers

yeast enzyme.
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33-..1— SsChaPabllity of native bakers yeast phosphoglycerate anjtase

to protelPAses.

The effects of trypsin, Chymotrypsin, thermolysin, 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
thernolysin 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 thermolysin.
Progressively greater inactivation wasobserved 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 apparentblphaslc 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 thermolysin.






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 1In activity shown iIn Fig. 16. In contrast, treatment with

thermolysln and elastase resulted i1In minimal apparent degradation of

the enzyme subunit. However, there was evidence 1iIn these cases of

conversion of the subunit to a form of slightly lower Mr concomitant
with the observed i1nactivation 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 1In Mr of approximately 1000). A highly suitable site for this

proposed cleavage exists iIn 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 1is reported tobe: -

Gly-Ala-Ala-Val-Ala-Asn-GIn-Lys-Lys-Gly-CCXDH

and thus contains suitable sites for cleavage by both thermolysln and

elastase.
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A similar pattern of inactivation vrithout subunit degradation has been
reported for rabbit muscle phosphoglycerate nutase using thernolysin
(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. Reraturatloa of haters veast phosphogiyrerate mutagA.

334.1. ReacthvatlJll in the absence of protefnas”«.

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 1n subsequent studies. The +fTull lines In Fig. 17
calculated according to the kinetic model of reassociation
determined by Hermann et al. (1983, 1985) from their extensive
®Inatlon 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.
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{ ine (b)) of the native enzyme activity. The reacti-
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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 GdnHCI <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 1Is 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

a5 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, iIn the tetramer the association and tightening of
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structure confer the native enzynes coiclete resistance to the

protelnases. Circular dlchrolsn neasurenents on renaturlng bakers

yeast phosphoglycerate nutase have shown that the folded nonoser

possesses approxlnately 85» of the elllptliclty 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 Ilower 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 dInerlc iIntermediates to remain.

It would be of iInterest 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 1Intermediates of renaturation. By comparison of this

se s bond specificity with the amino acid sequence (Fotherglll

> Harkins. 1982) It might be possible to predict areas of the enzyme
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which rapidly become Inaccessible to proteolytic attack at the stage

of formation of the folded monomer.

The 1nclusion of trypsin In the assay of renaturing enzymes was Tirst
reported by Chan et al. (1973) in their studies on the oligomeric
enzyme aldolase. 1In this case trypsin was included with the intention
of preventing enzyme folding and association during the time course of
the activity assay. This technique 1s valid where the formation of
native quaternary structure 1iIs required for the expression of
catalytic activity. However, In cases where iIntermediate species
formed during renaturation may be TfTully 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, tridse
phosphate 1isomerase, Tfumarase (Yamoto andWcirachi, 1979, Jaenicke.
I8 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.

82



3idi4til----Resi stance--- o£-—-subunit— structure tn protelrsag<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 i1solation 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
I0tact subunit was determined by SDS-PAGE followed by densitometrlic
analysis and compared with control native enzyme treated as in the
renaturlng samples. The percentage of Intact subunit relative to this
control Is shown iIn 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 mI** 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).



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 Tull [line). This
difference could reflect a greater degree of experlnental error In
these neasurenents In conparlson with the reassociation and
reactivation data. However, It i1s 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 i1nactive species would not necessarily
be resolved fron native subunit under SDS-PAGE conditions. A sinllar
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 Aldtase when treated with
thermolysin (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.

The 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 nlIn 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 1indicated quantities of ( 5% that of the
native enzyme control. Fig. 20 1indicates that i1f 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 Jlower thermolysin
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 mI~M without increasing the
y Id of iIntact 12-15,000 Mr fragments. Further variations of the

thermolysin pulse concentration and/or lowering the temperature of

85



4 5

-20

-10

Mr (o™

K (D> 1

Plate 2, pesistance of baker's yeast phosphoglycerate mutase sub-

structure to thermolysin during renaturation at
30 yg

Proteolysis for 1 min at 2Q0c was performed with samples of
renaturing enzyme diluted to a concentration of 10 yg ml“”™ with
ermolysin at 20 yg mlI“~. 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
cale 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 fTormation of structural elements such as a-hellces (Jaenlcke,
1982) which cannot accommodate proline residues (Chou and Fasman,
1978), 1t 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 thermolysIn and would therefore appear as the putative

fragments i1n 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 wunits which are capable of
reassociation and reactivation to the partial activity of the
proteolytic dimers following dénaturation In OdnHCI (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



A 1 IHTRQDUCTIQH.

Phosphoglycerate fidtase 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 1In studies of phosphoglycerate mutases. The rabbit muscle
enzyme seems to have a similar catalytic mechanism to bakers yeast
phosphoglycerate mutase. The 1somerization reaction 1In both enzymes
proceeds via a phosphohlstldlne iIntermediate and the sequences around
the two active site histidines of the bakers yeast enzyme have
considerable homology to two histidine containing peptides 1n 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 TfTixation 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 1nactive
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aggregates. At enzyme refolding concentrations of approximately 30 pg
ml-> only some TfTifty percent of activity was regained following 24 h
refolding. Since this concentration represents approximately 0.5 pM
then 1t 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 GdnHCI was monitored by loss of
catalytic activity and changes 1In protein fTluorescence 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.
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4.2.4.1. Cleveland napping.

Cleveland mapping assesses the relatedness between proteins from
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
% w/v SDS, 20% v/v glycerol, 10~"% w/v  bromophenol blue iIn
0.25M Tris-HCl buffer , pH 6.8. The enzymes were boiled for 2 min 1iIn
the digestion buffer. After cooling, proteinase was added to a final
concentration of 33 or 3 pg ml“” and the digestion mixture Incubated

at 377C.

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
(o 10% v/v) and boiling for 2 min. After cooling a mixture of 2-
mercaptoethanol and 1% w/v bromophenol blue (50:50) was added to each
sanple to a fTinal concentration of 5% v/v. Samples were subsequently

analysed by SDS-PAGE on 15% acrylamide gels.

The protelnases used and their concentration during digestion were

Chymotrypsin (used at concentrations of 3 pg ml-" and 33 pg ml“~ for
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the bakers yeast and rabbit muscle enzymes respectively), thermolyslin
@& pg ml“?), protelnase-K (3 pg ml~”) and S. aureus V-8 proteinase <33
fg ml-"). The optimum concentration of proteinase and the time scale
of sampling were determined by performing a number of preliminary

experiments.

4.2.4121 -SDectrQDhQtometrl C determination of tryptophan rmmt.gw»;,

The trypt ophan content of both enzymes was determined by the
spectrophotometric 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 GdnHCI. 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) ltrr .5690 + Ftvr .1280

Ferr .4815 + Hevr .385

Azee (Enzyme molar absorption at 288 nm)

Vhere Htrr and ltyr are the number of tryptophan and tyrosine residues

per mole of enzyme.
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Solving the above for;

ltrp “ (Azee/SIOS) ~ (Azeo/10318) G. >

ltyr - 6.897 <A2q0/5690 - Azee/4815) ®.)

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 1ts 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.

N2.4.3. Titration of cystelnp residues.

The number and accessibility of cysteine residues iIn the rabbit muscle
enzyne was determined using the tltrant 5,5"-dlithlolbls 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 MoS™. 1n 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
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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 1is assessed from a difference index (Shn)

which 1s defined as;
Snin = B I (Hik - - 0.035Ha - No)™ + 0.535 (Ha - He) c.)

Vtere Ha 1s 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
1iB the number of residues type 1 iIn chain B. For proteins of equal
size the latter two corrections iIn 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.

94






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 wunits 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 fTiltration 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 1s 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 i1ts cofactor 2,3-
blsphosphoglycerate was determined at 30°C as 7 + 0.7 pM. A cofactor
B of 125 pm has been reported for this enzyme under similar
conditions but in the presence of 400 mM KCI during assay (Grisolia
and Carreras, 1975). 1In 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. 1L

There have been some reports of a proposed cofactor Independent
phosphoglycerate mutase activity exhibited by the vrabbit muscle
enzyme. Grilsolla 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 1ts cofactor and the residual activity observed iIn 1ts absence
which have been reported here, 1t 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.
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4.3.2.1>_Lgss QF catalytir activity.

The activity of the rabbit muscle enzyme i1n the presence of GdnHCI is
shovn iIn Fig. 21. There was a progressive decline iIn activity between
approximately 0 and 1.5 K GdnHCI with 507 inactivation occu”™ng at
0.55 M. Overall, the profile of 1i1nactivation for the rabbit muscle
enzyne was very similar to that observed for bakers yeast
phosphoglycerate mutase (Fig. 12) where 50™M 1inactivation occui”™d at

0.65 M GdnHCI.

1"3.2.2. Changes in Flunrescencp.

The fluorescence emission spectra of the rabbit muscle enzyme 1in the
presence and absence of 4 M GdnHCI are shown in Fig. 22. The X max of
the native enzyme is 340 nm. In the presence of 4 M GdnHCI 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 GdnHCI was very similar to that obtained
1lad4 M (X max 345 nm, Intensity at 340 nm 83% of native) 1indicating
that the gross changes i1n Tfluorescence had occurred TfTollowing

incubation at the lower concentration.
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Fig 21 Activity of rabbit muscle phosphoglycerate mutase In the
presence of GdnHCI.

Enze (@ unit) was added to substrate (10 mM 3-phosphoglycerate)
N 2,3-bisphosphoglycerate) and the indicated

glyceratf of GdnHCI 1n a final volume of 1 ml. 2-phospho-
measured over a 3 min period and activity

/\ = = -
rr 21 and 5_3_3_]1_256_1 control containing no GdnHCI (sections
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Figure 22.  ppyorescence spectra of rabbit muscle phosphoglycerate

mutase In the presence and adssence of 4 M GdnHCLI.

RMbit muscle phosphoglycerate mutase (20 yg mI*d g 20%€.  The
excitation was at 290 nm and the emission monitored
een 300 and 400 nm. Instrument sensitivity was X lo.
w 1 enzyme In 50 mM sodium phosphate buffer, pH 7.5;
O / enzyme in the presence of 4 M GdnHCI.



T.ipel and KosUand (1971) have examined the fluorescence spectra for

a range of proteins denatured In 6 K OdnHCI. The spectra of these

proteins were similar and all showed a common X max of approximately

30 m. A mixture of aromatic amino acids <t|ptophan. tyrosine and
phenylalanine) In the presence of 6 K GdnHCI 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 Kt GdnHCI 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 GdnHCI (Fig. 22) Indicates that this dissociation Is
accompanied by extensive solvent exposure of aromatic residues

presumably as a result of subunit dissociation and unfolding.

e profile and X max of the fluorescence spectra In the presence of 4
* 0dnHCI 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

m>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 GdnHClI, 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 1In this enzyme. In an attempt to
verify this observation the quenching of native enzyme TfTluorescence
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
shomm iIn Fig. 23 a and b respectively. Examining the Tfluorescence
quenching 1In the two enzymes It iIs 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% iIn the rabbit
muscle and bakers yeast enzymes respectively. Succlnimlde quenches to
a lesser extent in both enzymes. The reduced efficacy of succinlmlde
iIs thought to result from i1ts increased size iIn 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 i1n aprotlc solvents (Eftink and Ghlron, 1984)
and therefore deeply buried aromatic residues may present a
microenvironment iIn which quenching i1s reduced. The ratio of quenching
efficiencies determined from the slopes of the Stern-Volmer plots

Ks/Ka) 1s 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.

Z3 rabbit muscle enzyme, initial concentration 27 pg mi“~.  23B
baker®s yeast enzyme, initial concentration 10 pg mI“~.  On the
ordinates F and Fo refer to the fluorescence in the presence and
absence of quencher respectively. 0 Q » quenching by acryl-
anide; ~ /N ~ quenching by succinimide; 0 ~ , dialysed
ezymes; Q N , dialysed enzymes in the presence of 0.3 mM
2,3-bisphosphoglycerate.



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 i1ts aromatic residues are more highly solvent exposed.

Tte presence of cofactor had no detectable effect on the quenching of
fluorescence iIn either enzyme ( Figs. 23 a and b>. This finding 1is
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 fTorm 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

d:
venting the quenching of their Tfluorescen-:

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 1iIn 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 kK#/Kp, values of 0.1 and 0.61 were

obtained (data not shown).

"Ite fluorescence emission of the rabbit muscle enzyme at 325 nm as a

function of GdnHCI at intermediate concentrations between 0 and 2 M 1is

shomm 1n Fig. 24. There i1s a small decrease in fluorescence intensity
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Figure 24.  Fluorescence of rabbit muscle phosphoglycerate mutase
In the presence of GdnHCI.

Fluorescence was recorded in 50 mM sodium phosphate buffer pH 7.5,
at 2ooc. The excitation and emission wavelengths were 290 and
35 nn respectively and the change In fluorescence emission 1S
expressed relative to the total change between O and 2 M GdnKCI.
Fluorescence emission iIn the presence of 2 M GdnHCI was approxi-
mately half that of the native enzyme (Fig- 22).



at concentrations up to 1 M GdnHClI followed by a rapid decline between
land 1.5 K to a value approximately half that of the native enzyme. A
further small decrease In fluorescence Intensity occurred on
increasing the GdnHCI concentration to 2 K. However, there was no
significant change In fluorescence intensity from this value when the
GdnHCI concentration was increased to 4 M. The mid-point of the
fluorescence transition i1s 1.1 M. An Ildentical 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 GdnHCI concentrations < 1 M and the final
intensity in 2 M GdnHCI was one quarter that of the native enzyme
(Fig- 14). Changes 1n the fTluorescence X max of the rabbit muscle
enzyme occurred at similar concentrations to the reduction in
intensity with the red shift iIn X max from 340 to 345 nm produced

between 0.5 and 2 M GdnHCI.

LJ3.2.3. Changes iIn circular dichroism.

The circular dichroism spectra of the rabbit muscle enzyme in the
presence and absence of 2 M GdnHCI are shown iIn 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 GdnHCI. The marked
shoulder iIn the circular dichroism spectrum between 215 and 230 nm 1in
the presence of 2 M GdnHCI 1i1s evidence of some helical structure

remaining at this concentration. Bakers yeast phosphoglycerate mutase
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Wavelength (nm)

Figure 25. Circular dichroism spectra of rabbit muscle phosphoglycerate
mutase iIn the presence and absence of 2 M GdnHCI.

Enzyme iIn 50 mM sodi\im phosphate buffer, pH 7.5, at 20°C i1n the presence
( 0 i edjsence { A ) of 2 M GdnHCI.



also exhibited residual helical structure In the presence of 2 M
GdnHCI and i1n the case of this enzyme the elliptliclty between 210 and
240 nm was reduced by approximately 10% of the native value on
Increasing the GdnHCI 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 iIn the presence of the 4
K GdnHCI was not recorded. However, 1t 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 ellipticitles are dependent on reproducible and
accurate determinations of protein concentrations. There 1i1s 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 1s some

evidence that they may possess a common arrangement of secondary
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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 1s evidence that they have

a common configuration of secondary structural elements.

L3.3. Renaturation of rabbit muscle phosphoglycerate mutase.

11-3.3.1. 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 iIn Fig. 26. As
with the bakers yeast enzyme, reactivation was assessed Tfollowing
dilution of the renaturing enzyme to a standard concentration of 10 pg
111~ and incubation at 20°C for 1 min. The Tull lines in Fig. 26 are
calculated according to the kinetic model of reactivation of rabbit
auscle phosphoglycerate nutase proposed by Hermann et al. (1983)
1avolving two parallel fTirst order reactions with rate constants 3.4 X
10-~* and 5.0 x 10~® s*“” (for the slower and faster reactions
respectively). The Tfaster reaction comprises two-thirds of the total

reactivation amplitude under this scheme. It should be noted that this
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Figure 26. Reactivation of rabbit cusele phosphoglycerate mutase iIn the
absence of proteinases.

Rabbit muscle phosphoglycerate mutase renaturing at; I

10 pg Ml and 30 pg mI*“ wa& chillwbed to a standard comsantra-
ion of 10 yg ml** in 50 mM sodium phosphate buffer and incubated for

1 nin at 200C prior to assay. The fTull lines were calculated according

o the kinetic model of reactivation reported by Hermann et al. (1983).



Y
kinetic model was not deflnedj”~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 Ffirst 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 trypsA'\iln treatment at 5 pg

prior to assay. The data in Fig. 26 therefore indlfcates «that some
intermediates formed during the renaturation of the rabbit muscle
enzyne have activity which 1s more sensitive to trypsin than the
native Tform (since iIn the absence of a proteinase ‘'pulse” the
reactivation rate 1s iIncreased). 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 i1ndependent from the above Ffirst order reaction
kinetics. However, reactivation 1i1s only coi™letely reversible at
renaturlng concentrations of ( 5 pg ml~". At higher concentrations the
yield of reactivation 1is reduced although the rate constant 1is

unchanged (Hermann et al., 1983). Fig. 26 shows a similar pattern with
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a lower vyield of reactivation observed at the higher renaturlng
concentration examined. The reduction In activity regained occurs as a
result of the formation of 1nactive '"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. ).

3.32.. Eeactlvatlon 1In the presence of proteinases.

Tte three proteinases employed in the bakers yeast phosphoglycerate
iInutase reactivation studies, namely  trypsin, chymotrypsin and
thermolysin, were also wused to further examine the proteinase
sensitivity of iIntermediates formed during reactivation of the rabbit
muscle enzyme. As with the bakers yeast enzyme a proteinase ''pulse” of
1 min. at 20°C was wused prior to assessing reactivation. This
proteinase treatment had no effect on the activity of the native
rabbit muscle enzyme 1iIn the presence or absence of the residual
concentration of GdnHCI (0.1 M) present during renaturation. The
reactivation profiles for the rabbit muscle enzyme renaturing at 10
and 30 pg ml“” are shown iIn Figs. 27 and 28”respectively. The data
obtained i1n the absence of proteinases™ (plotted i1n Fig. 26) 1is

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 mI“~™ assessed following a one minute proteinase
pulse of 20 Mg mlI”~.



Figs. 27 and 28 show that the use of a proteinase pulse reduces the
yield of reactivation during the Tirst 10 min of renaturation. The
reactivation data in the presence of proteinases i1s now a closer fit
to the kinetic model of Hermann et al. (983). 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 mI"™ (Fig. 27) and it 1is 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 1its precursors). However, since at this concentration the
yield of reactivation 1is relatively small the experimental error
involved 1In assessing reactivation would be greater relative to the

expected difference between the ‘'control”™ and proteinase pulse

treatments.

The observation that the activity of iIntermediates fTormed during
renaturation are proteinase sensitive 1Implies that these forms must
have a relatively 'open" structure 1In comparison with the native
enzyme. Changes occurl:cing during subsequent stages must render certain
sites Inaccessible to proteolytic attack such that the activity of the
native enzyme 1is 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.
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A 3.3.3. Resistance QI subunit to protelnac®s during renat.nratinT.

The iIntegrity of the rabbit muscle enzyme subunit during renaturation
following the 1 min. 20 |Jig 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 iIn Fig. 29. The full
line was calculated as before representing predicted reactivation of
the rabbit muscle enzyme 1In 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 1indicating that
inactive but proteinase resistant monomeric and/or dimeric enzyme
forms or aggregated material 1is being produced. This ™apparent”
formation of subunit may represent the Tfolding of the enzyme to
inactive but compact and proteinase resistant aggregates. As discussed
above this process i1s 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 i1nactivation
during renaturation results from the cleavage of only a small number

of amino acids cannot be excluded. Such an 1i1nactive subunit would
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again not be resolved from active "native" subunit under SDS-PAGE
analysis. Price et al. <1985a) have reported that inactivation of the
native rabbit muscle enzyme by thermolysin occurs with only a minimal
decrease in subunit Mr as assessed by SDS-PAGE and with retention of
the gross structural features of the native enzyme. Inactivation of
the intermediates of renaturation and/or proteolysis of Inactive
aggregates by this process could explain the "enhanced"” integrity of
subunit following proteolysis in comparison with the equivalent

reactivation data.

Sone preliminary experiments were performed wusing a 20 pg ml*’
Chymotrypsin pulse and these revealed that no Intact subunit remained
following proteolysis even after 60 min renaturation. Furthermore,
there was no evidence for intact subunit in the proteinase treated
aative enzyme sample despite the fact that this treatment had no
apparent effect on activity. A possible explanation for these
observations may be that Chymotrypsin cleaves the native or renaturing
rabbit muscle enzyme at one or more' points but does not produce
sufficient disruption of the structure to cause inactivation. Under
SDS-PAGE conditions these "nicked" subunits dissociate to smaller
fragments i 6500 which are not detected. Clearly, these conclusions
could benefit from further verification and examination of the above

observations.
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4-3. 4— G‘Tml’lm——between_rabbit muscle and bakers yeast

phosphQglycerate nmtases.

The rabbit muscle and bakers yeast enzymes are both cofactor dependent
phosphoglycerate mutases. Both enzymes have a reaction mechanism of
the "ping-pong"” type proceeding via a phosphorylated histidine
intermediate (section 1.1.2.). The amino acid sequence around this
histidine residue is similar and both enzymes are inactivated by the
histidine and arginine modifying reagents, (sections 1.2.1. and
1.2.2.). The quaternary structures of the enzymes differ, the bakers
yeast being a tetramer and the rabbit muscle being a dimer. However,
the subunit Mr of the two enzymes is similar (28,000) and there is
evidence of a common structured pattern in the two enzymes reflected
in their ability to bind to Cibacron Blue F3GA and to be displaced by

a pulse of 2,3-bisphosphoglycerate (Price and Stevens, 1983).

As reported above and in section 3.3.4. the two enzymes can be
renatured following dénaturation in GdnHCI, although the concen-
trations at which optimal reactivation is obtained are different. The
rabbit muscle enzyme is susceptible to the formation of inactive
Nggi'egates at concentrations above 5 pg ml”’ (Hermann et ai., 1983).
I0 contrast the reactivation yield of the bakers yeast enzyme is
greater at 50 pg ml”’ than at lower concentrations ( section

3.3.4. 1.).

I"spite the above similarities between the two enzymes there are a

number of other areas in which they differ. For example, the
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fluorescence emission spectrum of the two enzymes and Its quenching by
acrylamide and succlnimlde have Indicated that aromatic residues are
considerably more solvent exposed In the rabbit muscle enzyme. The
circular dichroism spectra have also Indicated that the rabbit muscle

enzyme probably has a lower helical content.

The Cleveland mapping technique assesses protein relatedness from
cleavage patterns following Ilimited proteolysis in the presence of
SDS. Application of this technique to the bakers yeast and rabbit
muscle enzymes using the proteinases S.aureus V8 proteinase,
thermolysin, chymotrypsin and proteinase K as described in
section 4.2.4.1. revealed very few common peptides . Only in
the case of chymotrypsin (Mr 16500) and proteinase K (Mr 17,000 and

18,000) were any common bands observed.

In view of the range of evidence for homology between the two enzymes
it was considered of value to determine the amino acid composition of
the rabbit muscle enzyme and compare this with the published data for
the bakers yeast enzyme (Fothergill and Harkins, 1982) wusing the

method of Cornish-Bowden (1983).

The tryptophan content of the two enzymes was determined by the
spectrophotometric method  of Edelhoch (1967) as described in
section 4.2 .4.2. Values of 4.9 and 4.8 mol-' of subunit were
obtained for the rabbit muscle and bakers yeast enzymes respectively.
The cysteine content of the rabbit muscle enzyme was determined by

titration with NbS™ as described in section 4.2.4.3. Under native
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conditions there were two titratable cysteine residues inol~’ of enzyme
and under denaturing conditions this value was Increased to 4 mol“’.
There are thus two cysteine residues per subunit of rabbit muscle
enzyme with only one being exposed In the native form. The bakers
yeast enzyme contains no cysteine (Fotherglll and Harkins, 1982). The
remainder of the amino acid analysis of the two enzymes was kindly

performed by Prof. J. Coggins at the University of Glasgow.

The amino acid compositions of the two enzymes are given in Table IA
of Appendix Il. Calculation of the difference Index (Shn) of Cornlsh-
Bowden (1983) described in section 4.2.4.2. gives values of 14.8
(0.0611i) between the two sets of data for the yeast enzyme and 147.5
(0.61N) between the rabbit muscle enzyme and Prof. Coggins data for
the bakers yeast enzyme. Comparison of the rabbit muscle enzyme with

the published data for the bakers yeast enzyme gives a Shn of 162

(0.671i).

Values of less than 0.42IT (Shn = 94) are considered to Indicate strong
relatedness between proteins whereas values greater than 0.93IT (Shn =
224) indicate no relationship. From the two rabbit muscle/bakers yeast
comparisons it is clear that the Cornish-Bowden Index infers only weak
relatedness between the two enzymes. Any further conclusions about the
homology between the two enzymes must therefore await the

determination of the full amino acid sequence and three dimensional

structure of the rabbit muscle enzyme.
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IG addition to this structural analysis of the S.ponbe enzyme, the
dénaturation and refolding of this enzyme were also examined within
the overall aims of this thesis. The enzyme was markedly more stable
in the presence of 2,3-bisphosphoglycerate and so these studies were
performed in the presence and absence of this cofactor whenever
possible. Dénaturation in GdnHClI was monitored by the Iloss 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.
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~2. METHODS.

5.2.1, Isolation of Phosphoglycerate mutase from

Schlzosaccharomyces pomhe.

Phosphoglycerate mutase was isolated from S.poabe essentially by the
method of Price et al. (1985b). AIl procedures were performed at 4°C

unless otherwise stated.

S.pombe was grown in a liquid culture medium containing per litre,
20 g yeast extract, 25 g KH™M"PO®, 2 g (liH4)2S04 and 20 g glucose for
60 h at 25”C in an orbital incubator. The cells were harvested by
centrifugation at 22,000 gr for 20 min (routinely yielding 16 g wet
weight per litre liguid culture) and were subsequently ground for
6 min in a pre-cooled mortar with half their weight of acid washed
sand. Extraction buffer comprised 10 nmM Tris-HCI| buffer, pH 8.0, 1 mM
EDTA, 0.1% v/v Triton X-100 and 1 mM phenylmethylsulphonyl fluoride
(freshly prepared and added). An equal volume of this buffer was added
to the ground cells. After standing 5 min the crude extract was
recovered by centrifugation at 26,000 g for 30 min and benzamldine
added to a final concentration of 1 mM The crude extract was then
applied directly to a Cibacron Blue F3GA-sepharose column (5 cm x
49 cm”™) equilibrated against 10 mM Tris-HCI| buffer, pH 8.0. After
washing with this buffer to remove unbound proteins phosphoglycerate
mutase was eluted using a linear gradient formed between 25 ml of Tris

buffer and 25 ml of the same buffer containing 4 mM 2,3-
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Inactivation and proteolytic degradation of the native S.poabe enzyme

was examined using four proteinases. lative enzyme, at a concentration

of 75 pg mlI"’, was incubated in 50 mM sodium phosphate buffer, pH 7.5,
at 20rC in the presence of the following proteinases; trypsin,
chymotrypsin, thermolysin and proteinase K (all at 75 pg ml"").

Samples taken after up to 120 min Incubation were assayed for activity

and analysed for proteolytic degradation by SDS-PAGE.

5.2.5. Renaturation of S.ppabe phosphoglycerate mutase.

Reactivation of S.pombe phosphoglycerate mutase in the presence and
absence of proteinases was examined as described in section 2.2.6.
In the absence of proteinase treatment prior to assay samples of
renaturing S.pombe enzyme were assayed directly from the renaturation

mixture.

The tryptophan content of the S.pombe enzyme was determined by the

spectrophotometric method of Edelhoch (1967) as described In section
42.4.2. The enzyme concentration was 74 pg ml" and the GdnHCI

concentration 4.2 M. The number and accessibility of cysteine residues
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was determined by titration with Ellmans reagent FbSi; as described in
section 4.2.4.3. The enzyme concentration was 74 fig ml~-~ and the

HbS; 0.25 mM.

The remaining amino acid composition and a proportion of the sequence
of the S.pombe enzyme were determined by Prof.J.Fotherglll at the
University of Aberdeen, Scotland. Amino acid analysis was performed
following acid hydrolysis of the non-oxldised native enzyme. For
sequencing studies the native enzyme was cleaved using the protelnases
clostripain and chymotrypsin. The resultant peptides were separated on
a C-18 reverse phase HPLC system and sequenced using an Applied
Biosystems gas phase sequencer. Detailed n~thodology of the amino
acid analysis and sequencing was essentially as described in Russell

et al. (1986).
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N MRESULTS AHD DISCUSSIQF.

7al Isolation and characterisation of the S.pombe phosphoglycerate

mutase.

The specific activity of the S.pombe enzyme preparation was typically

2000 units mg“’ equating to 230 pmole 3-phosphoglycerate metabolized

min“’ mg protein“’. This specific activity compares well with the
value of 250 pmole 3-phosphoglycerate metabolized min“’ mg protein®’
reported by Price et al. (1985b). The minor modification to these
authors isolation protocol Involving the use of a 0 to 4 mM 2,3-

bisphosphoglycerate gradient rather than a 1 mM pulse resulted in a
greater yield of activity based on that in the crude extract (70% by

gradient, 50% by pulse) with only marginal loss in specific activity.

Analysis of the enzyme preparation by SDS-PAGE indicated ) 95%
homogeneity of staining with Coomassie blue R250. The Mr of the enzyme
was 25,000 = 1,250 (PLATE 1). The Mr of the native enzyme was
determined by gel filtration wusing Sephacryl S-300 as 23,000 += 2,300
and using Sephadex G-150 as 23,400 + 2,400 as described in
section 2.2.1.2. These results clearly Indicate that the S.pombe
phosphoglycerate mutase is a monomer of Mr approximately 23,000. This
conclusion and the observed enzyme Mr are in close agreement with the

findings of Price et al. (1985b). These authors reported the Mr of the

enzyme to be approximately 25,000 under denaturing conditions using
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SDS'PAGE and 21,000 +* 2,000 and 23,000 = 2,000 undGr native conditions
using gel filtration on Sephadex G-150 and gel permeation HPLC

respectively.

The Km of the S.pombe enzyme in 30 mM Trils-HCI buffer, pH 7.0, and in
the presence of 10 mK grade 1 3-phosphoglycerate for the cofactor 2,3-
bisphosphoglycerate was determined at 30°C as 17 + 1.3 pM. As with the
rabbit muscle and bakers yeast phosphoglycerate mutases the S.pombe
enzyme exhibited approximately 2% of maximal activity in the absence
of added cofactor (sections 4.3.1. and 3.3.1. respectively). This
activity is again explicable in terms of the trace contamination of
the grade 1 3-phosphoglycerate with cofactor and this residual
concentration was Included in the determination and calculation of the
Km Price et al. (1985b) have reported a K, of 0.5 mM for 3-
phosphoglycerate in the presence of 0.3 MM 2,3-bisphosphoglycerate.

However, these authors did not examine the kinetics of the cofactor.

Initially the dialysed enzyme preparation was stored at -18~C.
However, it rapidly became evident that repeated freezing and thawing
of the enzyme led to considerable loss of activity. Approximately 90%
of activity was lost following 5 freeze/thaw cycles performed either
over a number of days or repeatedly within a number of hours. The
effect thus appeared to be the result of the freezing and thawing
process rather than the period of storage. In contrast to this effect
"He activity of the wundialysed enzyme was completely stable to the

freeze/thaw effect (Fig. 30 a and b). Furthermore, addition of 2,3-
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Figure 30. Stability of £ pombe phosphoglycerate mutase in 50 mil
sodium phosphate buffer, pH 7,5.

da stability at ; 0O O » and A following
successive freezing (-18°C) and thawing. 0 A , dialysed (@po-)
egyme; N N , undialysed (phospho-)enzyme

3B stability of dialysed (@oo-) ezne towards freezing (-18°C) and
thawing. A » successive fTreeze/thaw cycles; Q ’
stored as individual aliquots and thawed once for assay.



bisphosphoglycerate at a concentration of 2 nM to the dialysed enzyme
completely restored i1ts 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-
glycerate < which acts to phosp}%rylate the enzyme (section 1.1.2_,

A
Fig. 2)) appears to interconvert the resistant and susceptible states.

Enzyme 1nactivation by processes of freezing and thawing s a fTairly
common phenomenon particularly at protein concentrations below 2mg
ml~~> (Scopes, 1982). In the case of phosphoglycerate mutases certain
reports have iIndicated that the cofactor dependent enzymes from rabbit
muscle and bakers yeast may be susceptible to freezing and thawing
(Conmgill and Pizer, 1956, Grisolla and Carreras, 1975) . Substances
such as glycerol and sucrose are routinely used to stabilize proteins
in solution through their action i1n reducing water activity (Scopes,
1982). During freezing, solutions containing these substances do not
freeze or form a thin slurry of 1i1ce surrounding a core of glycerol

solute mixture.

Inactivation of enzymes following freezing occurs through a number of
possible processes. For example, as asolution freezes the Ileast
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 suchthat on thawing inactivation of thisenzyme 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 iIn 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
knomn as the C-termlnal of the enzyme has not been sequenced (section
5-3.7.). However, the effect of cofactor on such a tail 1n 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 1in the phospho- (undialysed)
form or in the apo- (dialysed) form as small aliquots which were then
thaned once  for  use. Subsequent characterisation of S._pombe
phosphoglycerate mutase was performed using the apoenzyme i1n the
presence and absence of 2 mM 2,3-bisphosphoglycerate to determine
whether the observed differences iIn 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 iIn the presence and absence of 2 mM 2,3-bisphosphoglycerate
as described iIn section 5.2.2. Sedimentation velocity measurements
alloned the calculation of the corrected sedimentation coefficients
Gw,i>0) of 2.78 S and 2.3 S iIn 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 1its enhanced
stability to periodic freezing and thawing and might also be expected

to affect subsequent comparisons between the two forms of the enzyme.
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Equillbriuin sedimentation of the S.pombB enzyiae in the presence and
absence of 2,3-bisphosphoglycerate resulted 11n the equilibrium
distributions given 1In Appendix Il as Figs. [IA and 2A respectively.
Fron 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 1I. In
the calculation of the Mr a partial specific volume tVz) of 0.736 cm™
g"” and a density () of 1.0021 g cm~® were used. These figures were

determined from the amino acid composition data reported iIn 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 iIn Figs.
IAand 2A. Even 1f bound to the active site of the enzyme the Mr would
not have been expected to iIncrease by more than the Mr of the cofactor
Kr 360). However, careful examination of the equilibrium distribu-
tions iIn Figs. 1A and 2A shows that the migration range over which the
distribution was monitored differ in the two figures. In the presence
of cofactor (Fig. B1A) this range is larger and therefore includes any
loner Mr impurities and/or proteolytic fragments. Such contaminants
nay have been present iIn 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 1inclusion 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 i1s 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 1is the only
documented example of a monomeric cofactor dependent phosphoglycerate
mutase. The enzyme from bakers yeast i1s 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 1In 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, 1In the studies reported within this chapter.

53.w. Dénaturation of S.poabe phosphoglycerate mutase by GdnHCI.

5.3.3 ]” Loss of catalytic activity.

The activity of the S.poabe enzyme in the presence of GdnHCI 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 GdnHCI (sectl on ;2.1 and 4.3.2.1.
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respectively). This method involved the addition of the enzyme to
substrate and cofactor 1In the presence of GdnHCI and subsequent
measurenient of 2-phosphoglycerate formation over a 3 min period.
Therefore using this procedure 1t was not possible to examine the
Inactivation of the apoenzyme since on mixing with the
substrate/cofactor/GdnHCI assay it would rapidly become phosphoryl-~
ated. The data reported below was obtained, as with the other mutases
exanined, using additions of the dialysed (apo-) enzyme which was

presumably converted to the phospho-form during assay.

The activity of the S.pombe enzyme iIn the presence of GdnHCI 1Is shown
in Fig. 31. There 1is a small 1increase iIn activity at concentrations up
© 0.5 It GdnHCI which 1is followed by a rapid decline over the ranch
0.5-1.5 K The midpoint of the 1iInactivation transition is 0.35 H
"JCL.  In comparison with the bakers yeast and rabbit muscle enzymes,
where 50% i1nactivatiGn occurred at 0.65 and 0.55 K respectively, it 1is
clear that the S.pombe enzyme is more resistant to perturbation by
GdHCl. 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
ejdCl. For the tetrameric bakers yeast and dimeric rabbit muscle
enzymes dissociation iInto subunits at concentrations < 1 M GdnHCI
would result i1n considerable loss of activity. There 1Is some evidence
"4 "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.)
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Figure 31. Activity of S. pombe phosphoglycerate mutase in the presence
of GdnHCI

Enzyme (1 unit) was added to substrate (10 mM 3-phosphoglycerate), cofactor
(0.3 mM 2,3-bisphosphoglycerate) and the iIndicated concentration of GdnHCI
in a final volume of 1 ml. 2-Phosphoglycerate formation was measured over
n 3min period and activity expressed relative to a control containing no
GdnHCI (sections 2.2.4.1. and 5.3.3.1.).



ad it may te the losi> of this activity that subsequently occurs over
the higher GdnHCI concentration range (0.75.-1.5 M). These
possibilities could be examined by following the dissociation of the
baiters yeast and rabbit muscle enzymes in the presence of GdnHCIl using
techniques such as cross-linking (Hermann et al., 1981) or Iliffht
scattering (Tashiro et al., 1982). However it should be noted that in
the case of creatine kinase, an enzyme also showing activity of
subunit species (Grossman et al., 1981), inactivation in 0.5 M GdnHCI

occurs with the enzyme remaining in its native dimeric state (Tsou,

1986).

ihc initial increase in activity of the S, poxabe enzyme observed at
GdnKCl concentrations ( 0.5 M is particularly interesting (Fig. 31).
ibis effect could be the result of small changes in enzyme
confonriation which produce enhanced access of the substrate and'or
cofactor to the active site. In support of this conclusion Tsou (1936)
hdb presented evidence that the active sites of enzymes may be
situated in Ilimited regions of higher structural flexibility. These
areas v/ould presumably be more susceptible to structural perturbation
by dénaturants such as GdnHCIl. Strambinl and Gonnelli (1986) have also
i"eported an increased "fluidity” of interior regions of equine liver
alcohol dehydrogenase at pre-denaturational concentrations of GdnHCI.
It thus seems possible that conformational changes such as these could

i~feMult in the observed activation of the S.pombe enzyme between 0 and

M GdnHCI.



«N3™ 2. Changes In fluorescence.

The fluorescence emission spectra of the S.pombe apoenzyme In the
presence and absence of 4 M GdnHCl are shown iIn Fig. 32. The X max of
the native enzyme 1is 330 nm. In the presence of 4 M GdnHCI there 1is a
red shift to a X max of 350 nm with the fluorescence intensity at 330
mn reduced to 43% of the native value. The fluorescence spectrum of
the enzyme i1n the presence of 2 K GdnHCl was essentially identical to
that obtained in 4 M indicating that the GdnHCl Induced changes 1iIn
fluorescence were completed following (i1ncubation at the Jlower
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.pobe 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 1is iIndicative of solvent exposed aromatic
residues i1n 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 GdnHCI the Tfluorescence intensity at the X max
could be correlated to the molar tryptophan content of the S.pombe
enzyme (6.1 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.).
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Wavelength (nm)

Figure 3, Fluorescence spectra of paaibe phosphoglycerate mutase
(apoenzyme) In the presence and absence of 4 M GdnHCL.

S. porbe phosphoglycerate mutase (10.5 yg ml at 20°C. The
Fluorescence excitation was at 290 nm and the emission monitored

betiween 300 and 400 nm. Instrument sensitivity was X 15.
% , enzyme iIn 50 mM sodium phosphate buffer, pH 7.5;
0 ®enzyme in the presence of 4 M GdnHCI. Spectra of the

f= 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 Tfinding 1is
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 1s possible that the aromatic residues 1in 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 1is undetectable by the

equipment used iIn 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
GdnHCI concentration between 0 and 2 M are shown in Fig. 33. For both
forms of the enzyme there 1i1s a sharp decline iIn emission between 0.5
and 1.5 K GdnHCI 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 Tforms show no detectable

differences, there 1is evidence of a greater resistance to transition
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Figure 33. Fluorescence of poiabe phosphoglycerate mutase in the
presence of GdnHCI.

Fluorescence was recorded in 50 mM sodium phosphate buffer, pH 7.5,
at 200. The excitation and emission wavelengths were 290 and

35 nm respectively and the change In fluorescence emission 1Is
expressed relative to the total change between O and 2 M GdnHCI .
Fluorescence emission In the presence of 2 M GdnHCI Was approximately
one third that of the native enzyme (Fig. 3) . N , £. pombe
apoenzyme; N , . pombe phosphoenzyme.



between these two states iIn the phosphoenzyme. This increased
resistance to pertijation by GdnHCl presumably results from the more
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 iImjscle enzymes (Figs. 14 and
2 respectively) Indicate some differences. The bakers yeast enzyme
exhibits an 1i1nitial 1increase iIn TfTluorescence intensity followed by a
repid decline iIn emission with a midpoint of 1.1 M GdnHCI. The rabbit
muscle enzyme shows little change i1n fluorescence emission up to 0.75
M followed once again by a decline with midpoint of 1.1 M GdnHCI. Thus
although the activity of the S.pombe enzyme appears to be more
resistant than the other enzymes to the effects of GdnHCI (section
5.3.3.1.) the structural changes 1In 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 1In section 2.2.5.
Succinimide 1s a less effective quencher than acrylamide for deeply
buried aromatic residues since its physical size restricts Its access
io the 1iInterior of the protein matrix (Edward, 1970). In addition,
succinimide quenching 1Is reduced i1n aprotic environments and therefore
buried residues may provide a micro-environment in which the quenching
effect is decreased (Eftink and Ghiron, 1984). The ratio of the

guenching efficiencies of succinimide (Ks) and acrylamide ((Ka) 1is
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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 1is 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 iIn a range of multi-tryptophan
containing proteins examined using the same protocol as employed here.
Clearly, these values iIndicate that the aromatic residues 1In the
S.porbe 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

Q984).

The presence of 0.3 mM 2,3-bisphosphoglycerate had no effect on the
guenching of fluorescence in the S.pombe enzyme (Fig. 34). It
therefore appears that the structural tightening iIn the phosphoenzyme,
aanifest as differences 1iIn 1its 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 1i1dentity observed between the

fluorescence spectra of the apo- and phosphoenzymes (Fig. 32).
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Figure 34. Stern-Volmer plot for quenching of fluorescence 1in
S. pombe phosphoglycerate mutase.

On the ordinate F and FO refer to the fluorescence In the presence
and absence of quencher respectively. The iInitial enzyme concen-

tra/t\ion was 17 ygml'*. 0 Q » quenching by acryleuDoide;
Tquenching by succinimide; » , apoenzyme;
on » apoenzyme in the presence of 0.3 mM 2,3-bisphospho-

glycerate.



Changes In circular dlchrolgm.

The circular dIchrolsm 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.pobe enzyme obtained by Price 1is very similar to that of the
phosphoenzyne i1n Fig. 35 and produces a calculated helical component
of 42 + 2.5% using the method of Siegel et al. ((980). 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 iIn 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 GdnHCI (section 5.3.3.1.).

It is difficult to envisage that phosphorylation of the S.pombe enzyme
could result 1n such a large increase iIn 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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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 ( N ).



protein deterninatlons. Any Inaccuracies in such determinations could
1a 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
enzyne Torms are not identical. It 1i1s 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 GdnHCI are shown i1n Fig. 36. Both spectra have a profile that 1is
similar to that of unordered structure in proteins (Chang et al.,
1978). The ellipticity values differ iIn the two enzyme forms. However,
possible error iIn 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 GdnHCI concentrations between O and 2 M 1is shown 1in
Fig. 37. This data is normalised to the total change 1i1n ellipticity
observed between O and 2 M GdnHCI thereby removing the possible
contributions of protein concentration. For comparison similar
normalised data for the bakers yeast and rabbit muscle enzymes 1is
shomn 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 GdnHCI.

Enzyme 1IN 50 mM sodiiom phosphate buffer, pH 7.5, at 20°C in the
presence of 4 M GdnHCI . £. pombe phosphoenzyme ( O )

and apoenzyme ( ).



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 200C. Ellipticity at 225 nm iIs expressed relative to
the total change between O and 2 M GdnKCI. N pombe

apoenzyme; 0 , £. pombe phosphoenzyme.



Figure 33. Ellipticity at 225 nin of baker"s yeast and rabbit
muscle phosphoglycerate mutases iIn the presence of
GAnHCI .

Circular dichroism was recorded iIn 50 mM sodium phosphate buffer,
H 7,5, at 20°C. Ellipticity at 225 nm is es™ressed relative to
the total change between O and 2 M GdnHCI. N , 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 1n GdnHCI may occur without influence from other
structural elements that are present iIn the native protein; these
elements having been disrupted at lower GdnHCI concentrations. As such
it could thus be envisaged that the loss of ellipticity at 225 nm, as
a function of i1ts total change between native and denatured values,

night occur over a similar GdnHCI concentration range 1In a variety of

proteins.

Once again there 1is evidence of structural differences between the
apo- and phospho- forms of the S.pomhe enzyme. The lower transition
midpoint In the apoenzyme 1i1s Indicative of a structure more
susceptible to perturbation by GdnHCI (Fig. 37). A similar shift to a
lorer GdnHCI concentration during the fluorescence transition was
observed for the apoenzyme and i1t may be that its more open structure

contributes to these effects.

N 4. Biceptibility of native S.pambe phosphoglycerate mutase to

protét

effects of the four protelnases, trypsin, chymotrypsin,

thermolysin and proteinase K on the activity of the native S.pombe
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phospho- and apoenzynes are shown Figs. 39 and 40 respectively. The
phosphorylated enzyne 1is clearly extrenely resistant to the four
proteinases with T 75% activity remaining after 120 min incubation
¢tig. 39). In contrast the apoenzyme is considerably more sensitive to
inactivation with approximately 25% activity remaining after 120 min
incubation with thermolysin and 1 5% in the case of the other three
proteinases (Fig. 40). The marked difference iIn proteinase sensitivity
between these two Tforms suggests that the phosphoenzyme has a iInmge
compact structure with less sites accessible to proteolytic attack.
This conclusion iIs 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
enzyre has some direct protective role towards local susceptible

Sites.

Price et al. (1985a) have also reported that rabbit muscle
phosphoglycerate mutase i1s less susceptible to proteolysis by

thermolysin when i1n the phospho- form.

I'yp 40 shows that addition of 2,3-bisphosphoglycerate to the
apoenzyme  completely restores its resistance to proteolytic
inactivation. The minimal 1nactivation observed 1In the presence of
cofactor i1s similar to that of the undialysed phosphoenzyme (Fig. 39).
The protective effect conferred by the added cofactor 1is similar to

Its réle in restoring the apoenzymes resistance to freezing and
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Figure 39. Effect of proteinases on the activity of pombe phospho-
glycerate mutase phosphoenzyme.

Native enzyme 75 yg was iIncubated in 50 mM sodium phosphate buffer,
pH 7.5, at 20°C in the presence of the following proteinases all at
75 yg mln; 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 iIn the presence of the following proteinases all at

5 yg mi”A; 0 , trypsin; A ~ chymotrypsin; Q "
thermolysin ¢md n , proteinase K.
Enzyme in the ailssence (- ) auid presence ¢ )of 2mM

2 ,3-bisphosphoglycerate.



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 1in
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 T 10% w/w
(i.e. proteinase 1 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 1loss 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
1l any degradation in accordance with the small losses In activity

observed (Fig. 30).
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Renaturation oi S. pombe phosphoglycerate fdtase.

Renaturation of S.pombe phosphoglycerate mutase was initially studied
using the apoenzyme. There was some evidence that renaturation of the
apoenzyme iIn the presence of 2,3-bisphosphoglycerate produced higher
levels of reactivation. Unfortunately there was not sufficient time to
exanine Tfully the potentially 1interesting 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 GdnHCI for 40 min. Reactivation was Initiated by a 10 fold
dilution resulting iIn a residual refolding concentration of 0.2 M
GdnHCI. These conditions differed from those used iIn the examination
of the bakers yeast and rabbit muscle enzymes where dénaturation in 4
X GdnHCI 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 Qlower 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
GdnHCI 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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U.2 M GdnHClI transition was used. Fluorescence neasureinents had
indicated that the spectra of the S.pombe enzyme in the presence of 4
and 2 M GdnHCI showed identity following 15 min incubation (section
5.3.3.2.). Furthernore, activity measurements Indicated that the
enzyne was totally 1inactive iIn 2 K GdnHCI (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 (@0 = 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 iIs shown
in Fig. 41. The rapid reactivation of the S.pombe apoenzyme to
approximately 85% of control activity within 4 min of reactivation 1is
not significantly affected by the renaturing concentration. This
finding i1s 1In contrast to the Kkinetics of reactivation of the other
cofactor dependent enzymes examined. In the bakers yeast enzyme
increasing renaturing concentration between 10 and 50 figml " leads to

Increasing rate and yield of reactivation (section 3.3.4.1. ). In the

rabbit muscle enzyme increasing renaturing concentration above 10 g
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Figure 41. Reactivation of £. pombe phosphoglycerate nutase

Renaturation of the apoenzyme at; Sy
12 yg mI”7 Q » 4 yg ml“”; L 2 yg mI”” and A
1yg ml“™ In 50 mM sodium phosphate buffer, pH 7.5, at 20°C.



il-" leads to enhanced formation of inactive iIntermolecular aggregates
(section 4.3.3.1.). In contrast to these systems, the reactivation of
tte S.poabe enzyme appearsto 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 fTirst order reaction process of reactivation between
0 and 85% reactivation a minimum value for the rate constant may be
calculated. From Fig. 41 it 1is evident that within 30 s of
reactivation approximately 75% reactivation has occuij’\';j 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 T 10 s. From the standard Tfirst 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 fTormation of an 1Inactive enzyme species. The concentration
independence of the yield of reactivation is strong evidence against a
process of intemolecular aggregate formation. A cons>etlng process
such as this would have higher order kinetics and therefore would be
reduced at lower enzyme concentrations. It 1s possible that the
conditions of renaturation, 1.e; temperature, buffer colig>osltion,
ionic strength, pH, presence of dithiothretlol, might contribute to
the formation of an 1nactive enzyme species. Indeed, the 1iIncreased
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
dénaturation/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 GdnHCI (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
GdnHCLl. However, if the effect of the residual GdnHCI concentration
were different i1n 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 cong>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 1nactive species
which are not aggregates but seem to represent 1incorrectly folded
Bonomers that cannot proceed further to the native configuration. The
formation of these species as a competing reaction to the correct
pathway of 1In vitro refolding may indicate a possible réle 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 Tfolding
domains, a similar Inability of in vitrorefolding 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 iIn the presence of protelnasfia®

The reactivation of the S._pombe apoenzymeat 12 pgml > 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 GdnHCI during renaturation (0.2 M).
The reactivation of the S.pombe apoenzymefollowing the proteinase

pulse i1s shown in Fig. 42. The protelnases trypsin and thermolysin had

Uo 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 proteilnase
pulse of 20 yg ml"~.

£ pombe apoenzyme renaturing in 50 mM sodium phosphate buffer,
pH 7.5, at 200 was diluted to a standard concentration of
10 yg mI“~ at the indicated times and incubated for 1 min at 200
prior to assay in the presence of the following proteinases at
20 yg ml“”n; N , trypsin; , Chymotrypsin;

Q , thermolysin and , proteinase K.
activity measured following dilution and incubation In the
absence of proteinase.



control systen in which samples of renaturating enzyme wvrere Incubated
in buffer for 1 nIn. Chymotrypsin and proteinase K produced a small
reduction In activity regained at the earliest time points (0.5 mIn>
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 Ilower temperatures of
renaturation. Under these conditions the rapid events occuir’\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
glutsraldehyde  cross-linking, to freeze species during the

renaturation of the S.pombe enzyme. The susceptibility of the activity

ad 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. 41 with the control (buffer i1ncubated) reactivation iIn Fig. 42

reveals that a higher level of reactivation iIs obtained after 0.5 min
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of renaturation in the latter case. This difference results from the
technique of i1ncubating the enzyme iIn buffer for 1 min as a control to
the proteinase ''pulses™ used iIn the other treatments shown 1in Fig.
2. Clearly this pulse allows an additional 1 min of renaturation. In
comparison during the reactivation experiments described 1In 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 iIn 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 1iIn 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 iIn the native enzyme 1is not essential for
activity. The remainder of the amino acid composition of the S.pomhe
enzyne was determined by Prof.J.Fothergill at the University of

Aberdeen.
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The complete amino acid composition of the S.poabe enzyme is given in
Table Il A of Appendix IlI. This data i1s 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 (la ™~ 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, 1t was considered
possible that the 1i1nteresting differences iIn 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 iInterior of a
protein, the formation of an oligomeric structure provides additional
shielding of hydrophobic sites in the inter subunit contact regions. A
nunber of 1indices 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) 1s reported
t overcome some problems associated with these earlier models. The
hydropathy of each amino acid 1is calculated with reference to 1its
water-vapour transfer free energy and 1i1ts documented distribution
within a range of proteins. The hydropathy values for each amino acid
are given in Table 11 A of Appendix Il 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 iIn 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 iIn part to the observed differences 1in quaternary
structure between the three enzymes.

co-"?

AfN) 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 chymotrypsin peptides obtained
following proteolysis of the S.pombe enzyme are given in Table 111 A
of Appendix 1l. 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 1i1s given 1In 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 1S being pursued by the University of Aberdeen group and
therefore the complete sequence of the enzyme should soon be

available.

Thre homology between the bakers yeast enzyme and the partial S.pombe
sequence 1s approximately 48%. This high degree of homology implies a
close phylogenetic relationship between the enzymes from the two
yeasts. OF particular 1interest 1is 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 (VInn 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 1n both dimeric and tetrameric phosphoglycerate mutases, Iis
comprised of the residues from loop 3 (133-140) and helix 5 (153-165)
oi the bakers yeast sequence. Contact |11, which 1s only thought to

&ast in the tetrameric enzyme is comprised of the residues from helix
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2 and adjoining chain sequences (64-76). 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
monomerlc 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 Ilower the protein Mr and also produce a 1its
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 iIn 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.
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~1. ITHTRQDUCTIQH.

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 1independent phosphoglycerate mutases catalyse the
tatramolecular transfer of the phosphoryl group between 3- and 2-
phosphoglycerates. A phosphoenzyme iIntermediate has never been
isolated and therefore the nature of the amino acid residue mediating
this transfer 1is 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 i1s some evidence

that the cofactor independent phosphoglycerate mutases have a metal
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lon 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 i1t was
considered of Interest to further examine the pattern of chelator
sensitivity (and thus metalion 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 andHass, 1985) while that for A nidulans was
designed and developed. It was also hoped to define the nature of the
metal 1on requirement of these two enzymes by inhibition with
chelator followed by the addition of various metal 1ons iIn excess. A
similar approach had proved successful i1n iImplicating a M¥®* 1ion
requirement for the activity of the phosphoglycerate mu—a’\es from

Bacillus subtilis and Bacillus megateriua (Vatabe and Freese, 1979,

Singh and Setlow, 1979).
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n METHODS .

ft2.1. 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 ITH)2;%a to the required saturation,
stirring for 30 min at 4C 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 i1solated from the following sources;

Klebsl¥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 iIn a pre-cooled mortar at 4°C. Two volumes of buffer

were subsequently added and the crude extract recovered by
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faftturtlun 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 <HH )zSo4
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 MgSO®. and 40 pg <1.6
units) of enolase i1In a volume of 1 ml. A unit of enzyme activity was
defined as producing an iIncrease iIn A240 of 0.1 min~>. The specific
activities of the purified and <«IMHh)2;Da fractionated enzyme

preparations were 3400 units mg“” and 480 units mg*“” respectively.

6.2.2. Chelator sensitivity of cofactor dependent and independent

phQgagly.-carate nutases.

The sensitivity of phosphoglycerate mutases to the chelators
ethylenediamlnetetraacetate (EDTA) and 8-hydroxyquincline sulphonate
(HSA) were examined iIn 100 mM Tris-HCI 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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O..1, Isolation of phosphoylycerate nutase from A.nldulans.

A nidulans was cultured in the liquid growth medium described in
Appendix | at 37°C for 24 h 1n an orbital incubator. The mycelia were
harvested from the medium by Tfiltration, 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 1n 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 ¢
for 20 min. The crude extract was taken to 67% (NHa>2SOa 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-HCI
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 Tris buffer containing 300 mX HaCl. The fractions
containing peak activity were pooled and freeze dried. The Iyophllized
material was redissolved in one fifth the volume of water and dialysed
against 2 litres of10 mM Tris-HCIl buffer, pH 8.0, The dialysis
residue was applied to a column of Clbacron Blue F3GA-sepharose
G5 cm X 4.9 cnP) equilibrated against the Tris buffer. Phospho-
glycerate mutase activity was not retained by this affinity media and
was eluted with the Tris buffer. Peak fractions were pooled and
applied to a column of DEAE-cellulose <15 cm x 1.8 cnF) and after
washing with 100 mlof Tris-HCI buffer, pH 8.0, phosphoglycerate
mutase activity was eluted using a gradient formed between 75 ml of
Tris buffer containing 25 mM NaCl and 75 ml of Tris buffer containing
150 mM NaCl. The fractions containing peak activity were pooled,
freeze dried and redissolved in one fifth the volume of water. The
redissolved material was dialysed against 2 litres of 50 mM sodium
phosphate buffer, pH 7.5, and applied to a Sephacryl S-300 column
(88 cm X 4.9 cnF). Phosphoglycerate mutase activity was eluted and
fractions containing maximal activity were dialysed individually
against several changes of 10 mM Tris-HCI buffer, pH 8.0. After
dialysis the fractions were freeze dried, redissolved in one tenth the
volume of water and analysed by SDS-PAGE. Those showing > 80%
homogeneity after staining with Coomassle blue R250 were pooled and
stored at ~18°C. Prior to wuse the pooled enzyme preparation was

dialysed against ~ 500 volumes of appropriate buffer.
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fi.2.5. Isolation of phosphoglycerate fAutase from wheat germ.

Phosphoglycerate mutase was isolated from flaked wheat germ by
Dr.N.Price and Mrs D.Duncan using the methods of Leadley et al. (1977)
and Smith and Hass (1985) respectively. Purified enzyme from these
preparations was kindly supplied for the chelator sensitivity and

reactivation studies described below.

6.2.6. Assay of phosphoglycerate mutase from A.nldulans and ubeat

gSLUL.

The assay of 2,3-bisphosphoglycerate independent phosphoglycerate
mutases has involved the use of a number of procedures. Most authors
report systems based on the enolase coupled assay of Rodwell et al.
(1957). However, Rodwell's assay was conducted at pH 7.0 and as noted
by Ito and Grisolia (1959) the pH optima of the wheat germ enzyme is
approximately 9. These authors therefore used a pH 8.7 assay system in
monitoring their wheat germ enzyme purification scheme. |In their
review of cofactor Independent phosphoglycerate mutases Grisolia and
Carreras (1975) list a pH 8.7 assay system using 33 mM Trils-HCI
buffer, 16.7 mM 3-phosphoglycerate, 3.3 mM MgSO» and 8.3 wunits of
enolase ml“'. The assay system used here for the wheat germ and
A_nidulans enzyme is that reported by Leadley et al. (1977) namely 100
fiM Trils-HCIl buffer, pH 8.7, containing 20 mM 3-phosphoglycerate, 8.3

dM MgsO™ and 40 pg (1.6 units) of enolase in a final volume of 1 ml
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The assay was performed at 30°C and this system was used at all times

unless otherwise indicated.

The standard pH 7.0 enolase coupled assay (section 2.2.3.1.) was also
used during studies on the cofactor independent phosphoglycerate
Butases. This assay had been routinely used for the determination of
the cofactor dependent phosphoglycerate mutases (chapters 3, 4 and 5).
The cofactor, 2,3-bisphosphoglycerate, was omitted from the system for
the assay of the cofactor Independent enzymes. In addition, the amount
of enolase was Increased to 40 fig (1.6 wunits). AIll other conditions
were as described in section 2.2.3.1. The stopped triple coupled
assay system (section 2.2.3.2.) based on that of Leadley et al. (1977)
was also wused to assay the cofactor Independent enzymes in the
presence of metal ions. Once again the cofactor was omitted from the
assay system and the concentrations of the coupling enzymes were
increased to 50 fig (2.0 wunits) of enolase, 36 fig (15 wunits) of
pyruvate kinase and 12 fig (14 wunits) of lactate dehydrogenase. All

other conditions were as described in section 2.2.3.2.

L2.7. Reactivation of A.niduians and wheat germ phosphoglycerate

autase following denaturation in GdHCL.

Reactivation of the A nidulans and wheat germ enzymes following
dénaturation in GdnHCI was followed using the stopped triple coupled
assay system. A nidulans (300 fig mlI*) and wheat germ (50 fig ml"’)

enzymes were denatured in 2 K GdnHClI for 5 min at 20*C and diluted
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fifty—fold into 30 nM Trls-HCI buffer, pH 7.0 containing 10 nM 3-
phosphoglycerate. After dilution (A nidulans to 6 pg ml~", wheat germ
to 1 pg ml~"> the -enzymes were Incubated at 30°C and the 2-
phosphoglycerate formed after 1 and 6 min was determined using the
coupling assay. After 7 min Incubation metal ions were added from
concentrated stock solutions to give a final concentration of 3.3 nmM
during reactivation. The 2-phosphoglycerate formed 1 and 6 min after
the addition of the metal ions was determined using the coupling
assay. A control system in each case contained the enzyme at the
reactivation concentration in the presence of the residual

concentration of GdnHCI present in denatured samples (0.04 M).

6.2.8. Reactivation of A.nidulans phosphoglycerate mutase_fQIlIQWIng

inhibition by chelators.

Two types of experiment were used to examine the reactivation of
A.nidulans phosphoglycerate mutase following its inhibition with
chelators. The activity of the A nidulans enzyme was monitored using

the standard pH 7.0 enolase coupled assay in both cases.

In the first experiment the A.nidulans enzyme (60 pg mI-M was
inhibited in 30 mM Tris-HCIl buffer, pH 7.0, by EDTA and HQSA at a
concentration of 0.1 mM. Following periods of incubation at 4°C the
activity of the enzyme was monitored until it had declined to ( 5% of
a control sample Incubated in the absence of chelators. The Inhibited

enzyme was then divided into a number of aliquots and different metal

159



lons added to each to a final concentration of 2 mM The activity of
the control sample and inhibited enzyme in the presence and absence of

the metal ions was monitored over 24 h incubation at 4*C.

In the second experiment the A.nldulans enzyme (270 pg ml“’) was
inhibited in 30 mK Tris-HCI buffer, pH 7.0, by 0.9 mM EDTA. Following
periods of incubation at 20*0 the activity of the enzyme was monitored
until it had declined to ( 5% of a control as above. The inhibited
enzyme was then applied to a Sephadex G-25 column (35 cm x 2.0 cm®)
previously equilibrated against 30 raM Tris-HCIl buffer, pH 7.0. The
enzyme was eluted with this buffer and detected by fluorescence
emission at 325 nm. Fractions exhibiting peak fluorescence were pooled
and assayed for activity. The pooled enzyme was then divided into a
number of aliguots and metal ions added to a concentration of 1 mM
Activity of the inhibited enzyme in the presence and absence of metal

ions was monitored over 24 h Incubation at 4”C.

Preliminary control measurements indicated that the Sephadex G-25
column would successfully resolve bovine serum albumin (1 mg ml“’)
from EDTA (2 mM). Elution of the bovine serum albumin was monitored by
fluorescence emission at 325 nm and by absorbance at 280 nm and that

of the EDTA was monitored by absorbance at 240 nm.
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fi 3. RESULTS AID DISCUSSIQI.

6.3.1. ClielatQr aensltlvlty g7 cofactor dependent and Independent

phosphoglvcerate nutases.

The sensitivities of the 2 ,3-bisphosphoglycerate dependent
phosphoglycerate mutases to the chelators EDTA and HQSA is shown in
Fig. 44 a-f. Similarly, the sensitivities of the cofactor independent
enzymes are shown in Fig. 44 g-1. Clearly the activity of the cofactor
dependent phosphoglycerate mutases is unaffected by the presence of
chelators with ( 10% activity lost after 180 min incubation. In
contrast the activity of the cofactor independent enzymes is inhibited
by the chelators to varying degrees. The activity of the A.nidulans
enzyme is completely inhibited following 60 min incubation whereas
that of the potato enzyme is reduced by 50% and 15% following 180 min
incubation with EDTA and HQSA respectively. The general difference
between the cofactor dependent and independent enzymes in their
sensitivity to the chelators suggests that the latter group of enzymes
Bay havea metal ion requirement for activity. This conclusion is
supported by the report of Smith and Hass (1985) who have shown that
the wheat germ enzyme is inhibited by a range of chelators Including
EDTA and HQSA. Subsequent studies by Smith et al. (1986) suggested
that the wheat germ enzyme required the presence of either Co¥" or
K™ to promote reactivation following dénaturation in GdnHCIL In
addition, Oh and Freese (1976) and Vatabe and Freese (1979) have shown

that the cofactor independent phosphoglycerate mutasefrom Bacillus Sviiilit w«s i
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inhibited by EDTA and has an apparent Mn™ requirement for activity.
Singh and Setlow <1979) have reported similar observations for the

phosphoglycerate mutase isolated from Bacillus megaterium.

The differing rates of inactivation observed for the six cofactor
independent enzymes examined (Fig. 44 g-1) may be indicative of
differing degrees of accessibility of, and/or strengths of association
with, the enzymes and the putative metal lon(s). The material used in
assessing chelator sensitivity were relatively crude extracts and the
background metal ion concentration in each preparation could well have
moderated the observed inhibition. However, evidence against such an
effect was found on examining the chelator sensitivity of purified
phosphoglycerate mutases from A.nidulans, K.crassa and wheat germ. The
pattern of inhibition in these extensively purified preparations was
essentially identical to that observed for the extracts fractionated
by (NHa)2:SOa shown in Fig. 44 g, J and 1 respectively (data not

shown).

It should be noted that the cofactor dependent enzymes from S. paabe,
C.utilis, bakers yeast and rabbit muscle exhibited a marked
instability in controls, Il.e; in 100 mM Tris-HCI buffer, pH 8.7, at
20°C. This effect was reversed in the presence of 1 mM EDTA or HQSA
where the activity of these four enzymes was quite stable (Fig. 44
a-d). AIl other control saigq>les, including the <cofactor dependent
enzymes from E.coll and K.aerogenes, were unaffected by the buffer

system (x 5% of initial activity over 180 min incubation). The
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inhibition of the cofactor dependent enzymes and its reversal by EDTA
and HQSA is perhaps indicative of inhibition caused by some cationic
species which can be chelated from the system. A report by Carreras et
al. (1980) has shown that a range of 2,3-bisphosphoglycerate dependent
mutases were Inhibited by vanadate whereas cofactor independent
enzymes were unaffected. A concentration of 10 pM vanadate was
sufficient to produce approximately 70% inhibition. The effect of
vanadate was more pronounced with increasing pH from 6 to 10. The pH
dependence of the inhibition presumably reflects the greater formation
of the pentavalent vanadium ion at alkaline pH. This species s
thought to resemble the transition state of the phosphoryl group
thereby inhibiting the enzyme by binding competitively to the active
site (Macara, 1980). Carreras et al. (1980) showed that the effects of
vanadate could be reversed by dilution or by the addition of EDTA or
noradrenaline. The action of these chelators on vanadate seems to be
directly through complexlng or reduction (Cantley et al., 1978). It
He
thus seems possible that"presence of trace quantities of vanadate, or
a vanadate like cationic species able to compete with the phosphoryl
group, in the Tris buffer system might contribute to the inhibition of
the cofactor dependent enzymes. This effect would be exacerbated at
the buffer pH of 8.7 where the formation of the pentavalent vanadium
ton is enhanced and the cofactor dependent enzymes are not acting at
their pH optima of 7.0 (Grlsolia and Carreras, 1975). The possibility
slso exists that Inactivation of the cofactor dependent enzymes is a
direct effect of the pH and that the chelators in some way stabilise

the enzyn» to this form of inactivation.
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The activity of the cofactor dependent phosphoglycerate mutases from
E.coli and K.aBrogenes was unaffected in the control system. Carreras
et 3I. (1980) examined a range of cofactor dependent enzymes which
were all inhibited by vanadate but did not include any bacterial
enzymes in these studies. Since both cofactor dependent (E.coli) and
Independent (Bacillus sp.) phosphoglycerate mutases have been isolated
from bacteria it is possible that the cofactor dependent enzymes from
E.coli and K. aerogenes differ from the mammalian and yeast
phosphoglycerate mutases. Structural or mechanistic differences in the
former enzymes could alter their susceptibility to the inhibition
observed in the control system. It would therefore be of particular
interest to examine the vanadate sensitivity of a range of bacterial
phosphoglycerate mutases to confirm these tentative conclusions.
However, a lack of material for those isolated and insufficient time

to isolate others prevented such studies.

It has also been reported that fluoride can inhibit the activity of
bakers yeast phosphoglycerate mutase (Chiba et al., 1960). Curiously
such inhibition can be reversed by the presence of equivalent
concentrations of EDTA as if some fluoride-EDTA complex were being
formed. The exact mode of inhibition is therefore unclear. However, on
the basis of these observations it is possible that the instability of
the cofactor dependent phosphoglycerate mutases (Fig. 44 a-d) could

result from a fluoride type inhibition in the buffer system used.
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fi.3.2. Relative aolecular mass of cofactor dependent and Independent

phosphoglycerate mutases.

The Mr values of the phosphoglycerate mutases examined for chelator
sensitivity were determined by gel filtration on a column of Sephacryl
S-300. The calibration of this column using the standards described in
section 2.2.1.2. is shown in Fig. 10. The Mr values of the cofactor
dependent and independent enzymes determined from Fig. 10 are given in
Table 3. The published Mr values for these enzymes, where available,

are included for comparison.

The results presented in Table 3, which represent a sununary of the
findings from the studies described in sections 6.3.2. and 6.3.1.,
seem to indicate a common structural pattern for the <cofactor
independent phosphoglycerate mutases. AIll the <cofactor independent
enzymes have a Mr of approximately 60,000 and are inhibited by the two
chelators examined. The Iliterature reports available are consistent
with both the Mr values and the inhibition effect. In contrast, the
cofactor dependent phosphoglycerate mutases had a range of Mr values
reflecting their differing quaternary structures and their activities

were unaffected by the chelators.
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phosphoglycerate Inhibition by Mr of native
mutase

chelators*

COFACTOR DEPENDENT

Baker"s yeast
C. utilis
Rabbit muscle
S. pombe

K. aerogenes
E. coli

COFACTOR INDEPENDENT

Potato

A. nidulans
Wheat germ
Nasturtium
N. crassa

B. subtilisé

B. megateriun®™

YES
YES
YES
YES
YES

YES (EDTA)
YES (EDTA)

NONE
NONE
NONE
NONE
NONE
NONE

enzyme

110,000
112,000
56,000
23,000
62,000
57,000

60,000
60,000

Priblished Mr and
guatermeury structure

110,000 Tetramer (1)
110,000 (@)
56,000 Dimer (€))
23,000 Monanier (2)

56,300 '©)

40-60,000 Monomer (&)

52,000 50,000, 60,000 Monomer (%)

63,000

74,000 Monomer
61,000 Monomer

Table 3. Chelator sensitivity and Mr of cofactor dependent and
independent phosphoglycerate mutases,

*, sections 6.2.2. and 6.3,1.;

N.D., not done;

@, Hermann et al.

ad Jose (1971);
®), section 6.3.3.

(1983);

t, sections 6.2.3. and 6.3.2_;
data from Watodbe and Freese (1979); data from
Singh and Setlow (1979) .

(@, Price et al.

(4, Price et (A9s3);

(1985b); (3), D Alessio
(®B), Leadley et al. (1977);



Isolation and characterisation of Asperg”niuft nlHnlanc:

phQsphQglycerate mutase.

In view of the reported metal ion requirement of the cofactor
Independent phosphoglycerate mutases from Bacillus species (Vatabe and
Freese, 1979, Singh and Setlow, 1979) and wheat germ (Smith and Hass,
1985, Smith et al, , 1986) and the chelator sensitivity observed in a
range of these enzymes, the detailed purification of the A.nidulans
enzyme was pursued with the aim of characterising in detail the
relationship between metal ion and enzyme. A.nidulans was selected for
its ease of culture and harvesting and also its pronounced sensitivity
to the chelators examined (Fig. 44 g). In addition, the purification
of phosphoglycerate mutase from this source had not been reported

elsewhere.

Phosphoglycerate mutase was isolated from A.nidulans as described in
section 6.2 .4. Details of a typical purification are shown in Table
4, The specific activity of the purified enzyme was approximately 5000
units mg®* using the pH 8.7 assay of Leadley et al. (1977). According
to these authors one unit of activity (aAi "o, 0.1 min“’) under these
conditions corresponds to 1.83 pmole of 3-phosphoglycerate metabolised
Bin“’. The specific activity of the enzyme preparation thus equates to

9*15 m mole of substrate metabolised min“’ mg protein®’.

Analysis of the enzyme preparation by SDS-PAGE indicated > 85%

homogeneity of staining with Coomassle blue R250. The Mr of the enzyme
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Step Enzyme Protein Specific Purification

act | vity activity factor
(units) (mg) (unlts/mg)
Initial extract 16500 379 43.5 1.0
67-95Z (NH4>2S04
precipitate 10080 50.1 201 4.6
QAE cellulose
chromatography 7540 6.2 1218 28.0
Reactive Blue-
Sepharose
chromatography 5400 2.6 2050 47 .1
DEAE cellulose
chromatography 4440 1.19 3723 85.6
Sephacryl S-300 gel
filtration 3750 0.71 5250 120.7

Table 4. Purification of phosphoglycerate mutase from A. nidulans,

The data refer to nycelia harvested from 4 litres of liquid culture
(b g wet weight), Enzyne assays were performed using the pH 8.7
assay of Leadley et al, (1977).

15 30 60  Mr(x10-?

Figure 45. SDS-PAGE of phosphoglycerate mutase from A. nidullans.

Erme @ yg) was analysed using a 12% acrylamide separating gel.
After staining with Coomassie blue R250 and destaining, the gel was
scared at 600 nn.  The horizontal Mr calibration scale was deter-
mined using the Dalton Mark VIl maurker set (section 2,2.1.1. amd

Pig. 9).

Yle;

(2)

100

61

46

33

27

23



under denaturing conditions was 60,000 =+ 3,000 (Fig- 45). However, 1iIn
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 fTrom the polypeptide did not affect the
activity of the native enzyme. The levels of conversion to the lower
M- form appeared to be related to enzyme concentration since the
decrease iIn Mr occur\d during the final gel filtration step when the
total protein concentration, already lowered by the extensive
purification, was further reduced during the fractionation 1iIn
Sephacryl S-300. Despite several attempts using different buffer
conditions for the gel TfTiltration step the persistance of the double
banding pattern was never completely eliminated. Stabilisation of the
Anidulans 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

iIs reported to prevent a similar Inactivation phenomenon at low enzyme

concentrations (Rodwell et al., 1957).

The gel Tiltration stage i1n the purification protocol was performed
using 50 mM sodium phosphate buffer, pH 7.5 (section 6.2.4.). The use
of 100 mM Tris-HCI buffer, pH 8.0, during this procedure resulted 1iIn
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 iIn such fractionations. However,
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following the gel Tfiltration 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 #1onic strength Tris-HCI buffer, pH 8.0, prior to
freeze drying . Following concentration by this method the enzyme
preparation was stored at -18C. The activity of the enzyme was stable

ower several months at this temperature.

Tre Mr of the native enzyme was determined using gel TfTiltration 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
enzyre 1s 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 Tfungi (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

168



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
M. The presence of these minor bands presumably results from some
limited proteolytic or autolytic degradation during purification and
thelr 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, i1t 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 1s 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 Illlustrated below for a divalent i1on "M';
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M(OH):; M<OH)a~

f
M<OH:£ . n HO SOLID

The concentration of the various species 1Is dependent on both pH and

the total concentration of "IT. Clearly any reaction of the type;

+ iHzO0 M(OH)i +

will be favoured by alkaline conditions. For CoM”™ and MY the pH at
which the M(OH>2 hydroxide species predominates 1i1s 8.8 and 11.6

respectively (Kragten, 1978).

In view of the potential complications considered above 1t was
considered necessary to examine thoroughly the effects of metal 1ons
on the assay system of Leadley et al. (1977) which is performed at pH
8.7. When Co™ or M™" were added to the buffer of this assay (100 mM
Tris-HCI buffer, pH 8.7) to a final concentration of 2 mM there was an
almost iInstantaneous 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 kAo of
approximately 0.0025 min~” whereas the other metal 1ons examined
&, Cun*, @™, Zn™*) produced no 1iIncrease In Azao. Addition of

M-2%, NN to the Tfull assay system of Leadley et al. (1977)

produced moderated 1iIncreases 1In A%ao. Fig® A6 shows the rate of
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Metal ion (mM)

Figure 46. Rate of iIncrease iIn absorbance at 240 nn of the assay
system of Leadley et al. (1977) following the addition
of Co2+ ( ) and MT¥™" ( ) i1ons.



increase In Aziio of the assay system as a function of added Co™” and
M concentration. In the case of the other metal ions added to 2 nK
there was no detectable 1Increase iIn of the assay mixture.
Examination of each assay component in turn indicated that i1t was the
3-phosphoglycerate, present at a concentration of 20 mM, that was
responsible for moderating the 1increase 1In A™o. Such an effect
presumably results from complex formation between the substrate and
the metal 1ons acting to moderate the precipitation phenomenon.
Complex formation between the phosphoglycerate substrates and Mg™* is
well documented and 1In detailed Kkinetic 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 1is

3.6 m\.

It 1s particularly noteworthy that concentrations of Co™* and Mn™~
between 0 and 3 mM produced rates of Increase iIn Azao min“” of the
assay system comparable to those resulting from authentic enzyme
catalysed formation of phosphoenolpyruvate 1iIn standard assays (0 to

0.15 min"™”; Fig. 46).

5one of the metal 1ons studied had any detectable effect on the Aszao
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. wusing 30 nJf Tris-HCI 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 iIn 100 mM

Tris-HCl buffer, pH 8.7.

The effects of the metal 1ons 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 LKEAF 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
shomn i1n Fig. 47. Examining the effects of Co™* i1t 1s clear that the
apparent iIncrease iIn activity at concentrations above 1 mM is
explicable 1n terms of the precipitation 1induced Increase iIn AiI~0
which occurs at these concentrations (Fig. 46) possibly In conjunction
with the enzyme catalysed LK.zZA0< However, the fact that at lower
concentrations of Co™ (<1 mM) a decrease in activity below that of
the 1nitial assay 1s observed suggests that the phosphoglycerate
mutase and/or enolase 1s/are Dbeing 1nhibited. The true enzyme
catalysed aAzao at higher concentrations of Co¥”™ may therefore be
minimal. At much Qlower concentrations the effects of precipitation
and/or i1nhibition are reduced and the aAzao mIn~> following addition
of the metal 1on therefore approaches that of the 1initial rate. The
effects of M =* are similar although quantitatively different (Fig.

~7). However, since the precipitation of this metal 1on is less marked
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phosphoglycerate mutase by the assay system of Leadley
et al. (AS77).

Activity 1Is expressed as a percentage of the initial activity
observed prior to the addition of G¥*"' { ) or M®== (A )
10nSs.



than that of G™* (Fig. 46) then i1t 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 1is shown 1n
Fig. 48. Clearly the pattern of iInhibition and apparent activation 1is
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
IKtiao min®"” is lower and therefore a lower precipitation induced rate
IS required to produce greater activation. For this reason the exact
degree of 1i1nhibition and activation appears to differ between the

wheat germ and A. nidulans enzymes (Figs. 47 and 48).

Further evidence of the 1i1nhibition of the enzyme catalysed AAI;A0 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™0o as a result of metal 1ion precipitation. The effect of
@™ 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 rdle, increasing Co®@™”
concentration produces increasing inhibition of the enzyme catalysed

reactions.
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mM

Figure 48. Effects of M 1ons on the determination of A. nidulans
phosphoglycerate mutase by the assay system of Leadley

etal. @)
Activity 1Is expressed as a percentage of the iInitial activity
observed prior to the addition of G'*' 1ons. Q , 0.2 pg
of enzyme assayed; N , 0.4 yg of enzyme assayed.
0
mM Co?’

figure 49. Effects of @™ 1ons on the determination of A. nidulans
phosphoglycerate mutase by the standard oK 7.0 assay
system of Rodwell et al. (1957),

Activity 1s expressed as a percentage of the initial activity
observed prior to the addition of @™ 10ns.



The effect of Co™~ on enzyme catalysed was Investigated by
varying the amount of enolase present 1In the standard pH 7.0 assay
mixture from i1ts normal value of 40 pg down to 10 pg. In the absence
of @™ this variation had no effect on the assay of a fixed amount of
k.nidulans enzyme (0.75 pg). However» addition of @™ to a
concentration of 0.5 mM reduced the AA:Ao min“” to 60% and 31% of 1its
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 "™ Enolase has
a well documented Mg™* requirement for activity and iIn the case of the
yeast enzyme this can be fulfilled by Mn™*, Zn™"7~or Cd™* iIn the place
of the Mg™ (Wold, 1971). Clearly, the activity of the rabbit muscle
enolase (used i1n the above assays) differs since the data 1In Figs.
47, 48 and 49 imply that this enzyme 1is inhibited by both MY and

Co™-.

The inhibition of the A.nidulans and wheat germ phosphoglycerate
lautase activities cannot be totally excluded from the Dbrief
experiments 1i1nvolving variation of the enolase assay concentration.
Indeed, bakers yeast phosphoglycerate mutase appears to be inhibited
by millimolar concentrations of zZvv” (Chiba and Suglmoto, 1959) and
the rabbit muscle enzyme is susceptible to metal 1ons such as H¥*,

and CuU™-" which can react with sulphydryl groups (Cowglll and
Pizer, 1956). Therefore the effects of these metal i1ons and Co¥”™ 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.

3.6 . Development of a system allowing the assay of phosphoglycerate

mutases In the presence of metal 1ons.

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 iIs some way from the general optima
(approximately 9.0) of the cofactor 1independent phosphoglycerate
cutases (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 1In 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
A340 observed following this conversion was used to calculate the 2-
phosphoglycerate formed in the 1initial reaction mixture. Ketal 1ions
could be 1included 1i1n the 1iInitial system since the carry over
concentration i1nto the coupling system (containing enolase) would be
lov. A similar protocol had been adopted to allow the assay of

cofactor dependent phosphoglycerate mutases iIn the presence of GdnHCI

175



(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 iIn 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 ITADH
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 MY,
@™ 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 1ons 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 iIn assays
performed in 30 mM Tris-HClI buffer, pH 7.0, with the 1iInitial
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 (Grilsolla and
Carreras, 1975) and so 1its 1inclusion would hopefully iIndicate any
narked anomalies iIn 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.

determinations performed in the absence of added
metal ions; N N Fdeterminations performed in
the presence of 0.25 mM @™ or MT**" respectively, 0.25 m4d N\’
wes also without effect (data not shown).

Figure 51. Determination of the concentration of 2-phosphoglycerate
formed from 10 mM 3-phosphoglycerate in 30 mM Tris-HCI
buffer, pH 7.0, at 30°C using the stopped triple coupled

assay .
Phosphoglycerate mutases from; n , Wheat-gelcm--(-l-yg-ml“ )
- A. nidulans (6 ua mI~") and , rabbit muscle

©.7 pg ml~ %y



Carreras, 1975). Fig. 51 shows that all three enzymes produced an
equilibrium concentration of 0.8 + 0.05 mM 2-phosphoglycerate within
20 min 1ncubation at 30C. The rate at which this equilibrium was
reached differed iIn the three enzymes as the amounts of each iIn terms
of enzyme units added to the initial assay mixture were not Ildentical.
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 AGXi,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 mJhi formed from 10 mii
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 GdnHCI 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 1ions 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 1iIn the residual concentration of GdnHCI <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™, MY, or Mi™* (indicated by the arrow in Fig. 52). The wheat
germ enzyme exhibits an essentially identical pattern of activity 1in

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 KCI.

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, sas>les were diluted into 30 mM Tris-KCI 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 1ons were added to a final concen-
tration of 3.3 mil after 7 min incubation (indicated by the arrow):
r~| , control; n n , MY¥™;

m , K. The upper curves { @) ) tefer to the
native enzyme incubated In the presence of the residual concen-
tration of Gdn KCI follow/ing dilution (0.04 M) . Addition of metal
1I0s 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)

""igae 53. Reactivation of wheat germ phosphoglycerate mutase
follow/ing dénaturation in GdneCL.



finding 1is in contrast to the report of Smith et al. (1986) which
suggested that dénaturation of the wheat germ enzyme in GdnHCI could
be fully reversed following the addition of Co=™ or MM~ to the
reactivation medium. Unfortunately the studies of Smith et al. (1986)
were performed using the pH 8.7 assay of Leadley et ai. (1977) at 22”C
and as shown in section 6.3.5. this system is far from reliable when
used in the presence of some transition metals. The apparent
reactivation of the wheat germ enzyme on addition of Co™™ or MnM
could thus be explicable in terms of the precipitation of these metal
ions producing a aAzao min~’ consistent with full reactivation. The
specific activity of the Smith et al. (1986) enzyme preparation was
approximately 2,300 units mg~ (Smith and Hass, 1985) and during their
reactivation studies they assayed 0.84 pg of the enzyme which would
therefore give an approximate AA24.0 min~“ of 0.19. Fig. 46 shov”™ the
precipitation induced aAiao min~’ produced by Co™”~ when added to the
pH 8.7 assay system at 30*0 (0.14 mlIn~" from 2 mM Co”™™"). During their
renaturation studies Smith et al. (1986) added 2.6 nmM Co™” to obtain
complete reactivation. Clearly, at their assay temperature of 22°C the
addition of this concentration of Co™ would produce a AA2AO rain of
approximately 0.2 in the absence of any enzyme catalysed formation of
phosphoenolpyruvate. Smith et al. (1986) also reported that the wheat
germ enzyme preferentially "bound” Co*- since higher levels of Mn*-
were required to produce complete reactivation of the denatured
enzyme. This finding is again explicable in terms of the data shown in
Fig. 46 where it is evident that precipitation of Mn* in the assay

system produces Ilower rates of AA™o min~" than Co*-. Therefore a
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higher concentration of Mnm* would be required to produce the required
AA240 miIn-~ of approximately 0.2. Other metal lons examined by Smith
et al. (1986) had no effect on the reactivation of the wheat germ
enzyme. These metal lons also show no precipitation Induced of

the Leadley et ai. (1977) assay system (section 6.3.5).

The presence of a reductant such as dlthlothretlol during the
reactivation of the A.nidulans or wheat germ enzymes might have
produced Increased levels of reactivation If either enzyme possessed a
susceptible cysteine residue. However the overall failure of these
enzymes to regain activity following dénaturation In GdnHCI (Figs. 52
and 53) may well be a consequence of the size of their polypeptide
chains. Recent reports by Jaenlcke (1984) and Teschner et ai. (1987)
have indicated that polypeptides of greater than 300 amino acids In
length often refold very slowly and/or Inefficiently because of the
failure to <coordinate the processes of chain folding and domain
pairing. In contrast, the polypeptides of smaller proteins or
oligomeric proteins with small subunits can refold rapidly and with
high efficiency such that wunder suitable conditions reactivation
following dénaturation yields almost complete regain of activity. The
cofactor dependent phosphoglycerate mutases from bakers yeast (subunit
241 amino acids), rabbit muscle (subunit 250 amino acids) and
Scblzosaccbaromyces pombe (205 amino acids) are examples of such
proteins (sections 3.3.4., 4.3.3. and 5.3.5.). These observations
raise Interesting questions as to how the folding of larger proteins

occurs in vivo. It Is tempting to speculate that the folding of such

180



proteins may require to be regulated and coordinated as co-
translational processes such that domain folding can occur correctly
prior to the synthesis of remaining regions of the protein. Clearly
refolding in vitro is without such regulation and this may therefore
prevent folding as such, or allow refolding to an inactive
configuration. This form of incorrect refolding has been observed for
the monomeric protein octoplne dehydrogenase where 30% of denatured
enzyme forms an inactive species (section 1.7.2.). It is noteworthy
that the Mr values for octopine dehydrogenase (45,000) and the enzymes
examined here (60,000) are fairly close and therefore the refolding of

these enzymes may present similar problems.

The possibility that metal ions could induce structural changes in
proteins such as the A.nidulans and wheat germ enzymes cannot be
completely excluded. A recent report by Frankel et al, (1987) has
shown that addition of Zn”~* to the denatured "zinc finger domain" of
transcription factor I1Il A induces its folding. In the presence of

the circular dlchroism, tryptic resistance and thermostability of
the denatured peptide are significantly increased implying a folded
structure. However, the zinc finger is only a 30 amino acid peptide
and therefore conclusions that can be drawn regarding the metal
induced folding of larger proteins are necessarily limited. A more
accurate description of the metal ions and their relationship to the
cofactor independent phosphoglycerate mutases would be required before
their effects on refolding could be more systematically investigated

and defined.
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6,3.8. Reactlvatlon, of 4. Jiduians phosphoglycerate mutase

following Inhibition by chelators.

The reactivation of A nidulans phosphoglycerate mutase following
inhibition by the chelators EDTA and HQSA in 30 mM Tris-HCI| buffer, pH
7.0 was examined. In two types of experiment metal ions were added to
chelator inactivated enzyme and activity monitored using the standard
pH 7.0 enolase coupled assay. Control measurements indicated that the
maximum carry over concentration of metal lons <0.02 mM) had no effect

on the determination of phosphoglycerate mutase by this assay system.

In the first experiment the A.nldulans enzyme was inhibited by a low
concentration (0.01 mM) of the chelators EDTA and HQSA over a period
of 16 h at 4*0. The activity of the enzyme had declined to
approximately 2% of a control sample incubated in the absence of
chelators. Metal ions were then added to a final concentration of 2 nmM
in order to saturate <chelators and enzyme. No reactivation was
observed following the addition of MY  Fe””™ CoM, Nin*, CcaM™ and

Zn"-,

In the second experiment the A.nidulans enzyme was Inhibited with 0.9
oK EDTA. After 1 hour at 20°C the activity had declined to
approximately 2% of a control sample incubated in the absence of EDTA.
The chelator was then removed from the enzyme by desalting on Sephadex
G~25 and metal ions added to a concentration of 1 mM No reactivation

was observed with MY, FeNM” Co”™-, Ni™- or Zn™MN even after 24 h
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incubation in the presence of these metal ions. The lack of
reactivation following the desalting on G-25, either in the presence
or absence of metal ions, indicated that the Inactivation of the
A_nidulans enzyme by EDTA was not reversible. In contrast, Leadley et
al. (1977) reported that the wheat germ enzyme was reversibly

Inhibited by EDTA.

A similar approach to the above experiments was successfully used by
Vatabe and Freese (1979) in their examination of the MM requirement
of Bacillus subtills phosphoglycerate mutase. These authors have shown
that EDTA at a concentration of 10 mM rapl dly inhibits the enzyme. On
dilution of the inhibited enzyn» 100—fold (EDTA now 0.1 mM) the
addition of 1 mM M"™* completely restored its catalytic activity.

Singh and Setlow (1979) have wused this type of technique to

demonstrate the M requirement of Bacillus megaterium
phosphoglycerate mutase. In the case of the A.nidulans enzyme a
similar type of protocol did not produce any reactivation. It is

possible that the metal ion required by this enzyme was not included
in these studies. However, if there were a close association between
the enzyme and netal ion it could be envisaged that removal of this
ion might produce irreversible structural changes in the enzyme. In
such a situation the replacement of the metal ion in the medium might

therefore not produce reactivation.

The studies described here and In section 6.3.7. have fTailed to define

the putative metal 1ion required by the A.nidulans or wheat germ

183



enzymes. The limitations of these studies has been noted and it may be
that further investigation of these enzymes using modified techniques
could reveal a specific metal ion relationship. Indeed, isolation of
either enzyme in sufficient quantity would allow the use of techniques
such as atomic absorption spectroscopy which could readily determine
their metal ion content. However, the possibility does exist that the
observed inactivation of the cofactor independent enzymes (Fig. 44) is
not due to chelation of a metal ion but to a slow irreversible binding

of the anionic chelators to positively charged residues at the active

site of these enzymes.

It is well documented that polyvalent anions can inhibit cofactor
dependent phosphoglycerate mutases competitively with the substrate
(Ray and Peck, 1972). Because of the high levels of substates normally
present, inhibition during the assj® of enzyme activity is only evident
with pyrophosphate, oxalate and citrate via competition with 2,3-
biphosphoglycerate. In the absence of substates, as during the
chelator sensitivity studies, even low concentrations of such anions
might inhibit enzyme activity. It would therefore be of particular
interest to re-examine the Inhibition of purified cofactor independent
phosphoglycerate mutases by EDTA and HQSA in the presence of
increasing concentrations of 3-phosphoglycerate. Such studies might
clarify the possible rdéle of non-specific inhibition in the data
presented in Fig. 44. Under such a scheme of anionic inhibition the
marked differences in inactivation observed between cofactor dependent

and independent phosphoglycerate mutases could be explicable in terms
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7.1. GEJERAL CQHCLUSIQIS AID DISCUSSIOW.

The results presented In this thesis represent a significant
contribution to the information currently available on phospho-
glycerate mutases. Selected characteristics of a number of
phosphoglycerate mutases have been determined and the dénaturation of
three 2,3-bisphosphoglycerate dependent enzymes has been extensively
examined. In addition , the in vitro refolding characteristics of a
number of cofactor dependent and Independent phosphoglycerate mutases
have been determined. The conclusions of this thesis will be discussed

with reference to these three areas.

LI.lI. Characterisation of phosphoglycerate mutases.

The <cofactor dependent and independent phosphoglycerate mutases
exhibit a number of interesting differences in terms of their
mechanisms of catalytic reaction (section 1.1.2.), structural
configurations, ability to bind Cibacron Blue F3GA, sensitivity to
vanadate inhibition, possible laetal ion requirement and pH optima
(sections 1.2.5. and 1.3.4.). These differences are further reflected
in the observed phylogenetic distribution of the cofactor dependent
and independent enzymes (section 1.1.1.) such that these two groups
cannot be considered as closely related. The <cofactor dependent
phosphoglycerate mutases from bakers yeast, rabbit muscle and
Scbizosaccharoayces pombe and the cofactor independent enzymes from

Aspergillus nidulans, wheat germ and other sources have been examined
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in some detail here. The <characterisation of these enzymes has

contributed to a more accurate definition of the two groups.

S.pombe phosphoglycerate mutase represents the only reported monon”ric
cofactor dependent enzyme. The Mr of this enzyme (approximately
23,000) and its monomeric configuration have been confirmed here using
a number of independent methods (sections 5.3.1. and 5.3.2.). A
proportion of the sequence of the S.pomhe enzyme has been determined
(section 5.3.7.) and comparison with the published sequence for bakers
yeast phosphoglycerate mutase subunit (Fotherglll and Harkins, 1982)
reveals a high level of homology, particularly around the two active
site histidine residues (8 and 179) of the bakers yeast enzyme (Fig.
43). The areas of the sequence representing inter subunit contact
regions of the bakers yeast enzyme quaternary structure have not yet
been defined for the S.pombe enzyme. However, it might be suggested
that these areas will correspond to mutations and/or deletions in the
S.pombe sequence thereby explaining its monomeric configuration.
Further sequence information for the S.pombe enzyme will hopefully
confirm this proposal and allow future studies to be directed towards
the mechanisms of oligomer formation in related enzymes. Techniques
such as site-directed mutagenesis could be employed (on the basis of
Information gained from the S.pombe enzyme) to construct mutants of
the bakers yeast and rabbit muscle enzymes in dimeric or monomeric
quaternary configurations. Such studies would be of Interest in

indicating the factors controlling oligomer formation in proteins.
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The level of sequence homology observed between the bakers yeast
enzyme and partial sequence of the S.paabe enzyme is consistent with a
moderate level of relatedness between these enzymes. Other
phosphoglycerate mutases and bisphosphoglycerate mutases also show
homology to the bakers yeast enzyme complete and/or active site
sequences (sections 1.2.2. and 1.4., Figs. 5 and 6). Very recently the
sequence of the muscle isoenzyme subunit of human phosphoglycerate
mutase has been determined (Shanske et al., 1987) and this shows some
50% homology to the bakers yeast phosphoglycerate mutase and human
bisphosphoglycerate mutase sequences with considerable identity at the
active site histidine residues identified in the bakers yeast enzyme
(Vinn et al., 1981). Overall, it would appear that the cofactor
dependent phosphoglycerate mutases and the closely related
bisphosphoglycerate mutases exhibit substantial homology and this
finding may allow conclusions regarding their evolutionary

relationship to be drawn.

The S.pombe enzyme has also provided an interesting example of
structural changes in a protein that can be induced by cofactor
binding and phosphorylation. The presence of the cofactor produces
significant increases in enzyme stability, proteinase resistance and
resistance to dénaturation in GdnHCI (sections 5.3.1., 5.3.3. and
5.3.4.). The sedimentation velocity of the S.pombe phosphoenzyme is
increased implying that this form has a more compact spherical shape
(section 5.3.2.). This structural difference could contribute to the

observed differences between the phospho- and apo- forms. However,
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further structural analysis of this system using techniques such as X~
ray crystallography and high resolution NCR could define more
accurately the changes occurring in the presence of the cofactor and

relate these to changes in the properties of the enzyme.

Comparisons between the bakers yeast and rabbit muscle enzymes have
also been reported here. These have indicated that whilst these
enzymes have the same subunit Mr and show considerable homology around
the histidine active site residues (sections 1.2.1. and 1.2.2.), they
do differ in a number of aspects as Indicated by Cleveland mapping,
cysteine content, amino acid composition (section 4.3.4.), exposure of
aromatic residues (section 4.3.2.2.) and helical content (section
4.3.2.3.). These findings perhaps indicate that mechanistic and active
site sequence homology between enzymes is not necessarily reflected in
structural and/or other measures of relatedness. As such, future
comparisons between the bakers yeast and rabbit muscle enzymes should
therefore be made with caution and on the basis of only moderate
overall homology. It might be noted that the serine proteinases
represent a group of enzymes which exhibit considerable sequence
mechanistic homology round a serine, histidine, aspartate system
whilst the structural and other characteristics of its members
(e.g; chymotrypsin and subtilisin) are quite different (Blow, 1971,

Markland and Smith, 1971).

Considerably less information 1is available regarding the character-

istics of the cofactor independent phosphoglycerate mutases. However,
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there are some reports that this group of enzymes may require a metal
ion for activity (sections 1.3.1. and 1.3.2.) and structural
information seems to indicate a common monomeric configuration and Mr
of approximately 60,000 (section 1.3.4.). This structural and
catalytic pattern has been further examined here. The sensitivity of a
range of cofactor independent phosphoglycerate mutases to chelators
has indicated that these enzymes may have a metal ion requirement
(section 6.3.1.). The native Mr values of this range of enzymes were
also found to be approximately 60,000 (section 6.3.2.). On the basis
of these observations it seems that the cofactor independent

phosphoglycerate mutases examined here do fit into the proposed

pattern.

It has not proved possible to define the nature of this putative metal
ion requirement using purified enzyme from A. nidulans (section
6.3.8.). Similarly it has not proved possible to demonstrate a metal
ion requirement for phosphoglycerate mutase reactivation following
dénaturation in GdnHCI which had been reported by Smith et al. (1986)
using the wheat germ enzyme. Studies reported here have indicated that
reactivation could not be obtained either in the absence or presence
of metal ions for the purified phosphoglycerate mutases from wheat
germ or A. nidulans (section 6.3.7.). Furthermore, a number of
potential complications to the procedures used by Smith et al. (1986)
have been highlighted (section 6.3.5.) and the results presented here
should allow subsequent work in this particularly interesting area to

proceed without similar problems.
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zi 1 » —Dénaturation ol phosphoglycerate mutaap.q.

The dénaturation of the cofactor dependent phosphoglycerate nutases
from bakers yeast, rabbit muscle and S.powhe have been examined in
some detail here (sections 3.3.2., 4.3.2. and 5.3.3. respectively).
Dénaturation in GdnHCI was monitored by loss of catalytic activity and
by changes in the fluorescence and circular dlchroism properties of

the en2ymes. The results of these studies are summarised in Table 5.

Activity is generally the most sensitive indicator of an enzyme's
structural integrity since inactivation generally precedes the gross
conformational changes of dénaturation (Tsou, 1986). The inactivation
of the phosphoglycerate mutases were assessed without any period of
pre-incubation of enzyme and GdnHCI. For the three enzymes examined
here inactivation was complete within 0.5 min incubation in 2 M
GdnHCI. At lower concentrations some residual activity was observed
and the mid-points for the inactivation transitions of the rabbit
muscle, bakers yeast and S.pombe enzymes were 0.55, 0.65 and 0.85 M
GdnHCI respectively. The order of these values seems to correlate with
the respective a-helical content of the three enzymes as assessed from
native circular dlchroism spectra (12%, 20%, 30% and 40% for the
rabbit muscle, bakers yeast and S.pombe apo- and phosphoenzymes
respectively) indicating that the presence of this structural
configuration may confer increased stability and resistance to

inactivation.
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Fluorescence measurements indicate the environment or relative
exposure of a proteins fluorophores (i.e. its aromatic amino acid
residues). Changes in fluorescence during dénaturation are therefore
evidence of structural changes such as polypeptide unfolding and/or
subunit dissociation in oligomeric proteins. Fluorescence spectra of
phosphoglycerate mutases were assessed following 15 min incubation of
enzyme in GdnHCI. The fluorescence spectra of the three enzymes
examined showed identity in the presence of 2 or 4 M GdnHCI. The
dénaturation of the enzymes was therefore judged to be complete
following 15 min incubation at 2 M GdnHCI. The profile and X max of
these spectra were consistent with a high degree of solvent exposure
of aromatic residues and the fluorescence intensity at the X max could
be roughly related to the molar tryptophan content of the proteins. At
lower concentrations of GdnHClI intermediate spectra between those
obtained at 0 and 2 M were observed. The mid-points of the
fluorescence transitions at 325 nm for the bakers yeast, rabbit
muscle, S.pomhe apoenzyme and S.pomhe phosphoenzyme were 1.1, 1.1, 0.8
and 0.95 M GdnHCI respectively. The correlation between a-helical
content and resistance to dénaturation does not seem to apply to these
transitions. However, there is evidence of an increased resistance to

dénaturation in the S.pombe phosphoenzyme relative to its apo- form.

Circular dichroism between 200 and 250 nmfm is an indicator of the a-
helical component of proteins since this structural element has a
strong characteristic negative ellipticity over this range (Chen et

ai., 1974, Chang et ai., 1978). Changes in circular dichroism during
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dénaturation can therefore be used to follow the disruption of helical
structure. Circular dichroism spectra of phosphoglycerate nutases were
assessed following 15 min incubation of enzyme in GdnHCI. The circular
dichroism spectra of the bakers yeast and S.pombe enzymes in the
presence of 4 M GdnHCI were similar to that of random coil structure
in proteins (Chang et ai., 1978) indicating that helical conformation
was essentially disrupted at this concentration. In 2 M GdnHCI there
was some evidence for a residual helical element (approximately 10% of
the native ellipticty remained in the bakers yeast enzyme following 15
min incubation at 2 M GdnHCI). The persistence of this structural
element at 2 M GdnHCI may reflect its relative resistance to
dénaturation. The mid-points of the circular dichroism transitions at
225 nm for the bakers yeast, rabbit muscle, S.pombe apoenzyme and
S.pombe phosphoenzyme were 1.2, 1.1, 0.95 and 1.15 M  GdnHCI
respectively. The absolute correlation between helical content and
resistance to dénaturation does not seem to apply to these values.
However, once again there is evidence of an Increased resistance to

dénaturation in the S.pombe phosphoenzyme relative to the apo- form.

It would be of Interest to extend the inactivation studies reported
here to include the measurement of activity loss in the three enzyn”s
following 15 min pre-incubéation in GdnHCI. The effect of substrates on
the resistance to this treatment might also be revealing. Such data
would allow direct comparisons between activity losses and equivalent
structural changes determined by fluorescence and circular dichroism.

However, since the three enzymes were all rapidly inactivated in 2 M
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GdnHCI It seems likely that <considerably Ilower concentrations of
GdnHCI might produce significant activity loss over 15 min whilst
producing little If any effect on the gross structural features of the
enzymes. Observations of this type (l.e; Inactivation preceeding
structural dénaturation) have been made In a number of enzymes (Tsou,

1986) .

—sfilQldling QI Dhosphoglycerate mutases.

The protein refolding pathway model discussed In section 1.5. proposes
that during refolding protein structure Is formed via a collapse to a
"molten globule state™. This state resembles the conformation of the
native protein but differs |In that It appears to be functionally
inactive and lacks <certain spectral characteristics of the native
configuration. It has been suggested that this state has a more "open”
structure and that subsequent processes of making and breaking of non-
covalent and (where appropriate) disulphide interactions lead to the

formation of the native configuration.

Refolding of the phosphoglycerate mutases examined here has been
followed through regain of enzyme activity. This process was probed
using "pulses™ of protelnases prior to assessing activity regained.
These treatments had no effect on the activity of the native enzyme
and could therefore reveal the presence of proteinase sensitive

intermediates formed during refolding.
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In the case of the tetramerlc bakers yeast phosphoglycerate mutase
this technique has demonstrated the presence of refolding
intermediates which exhibit a partial activity sensitive to the
proteinases trypsin, Chymotrypsin and thermolysin (section 3.3.4.).
The partial activity of these intermediates suggests considerable
native-like structure whilst their sensitivity to proteolysis implies
a greater exposure of sites to proteolytic attack as a result of a
Djore open structure. These intermediates would therefore seem to
represent the molten globule state of the bakers yeast
phosphoglycerate mutase refolding pathway. The demonstration of
partially active intermediates formed during refolding of the bakers
yeast enzyme confirmed and extended similar reports by Hermann et al.
(1983, 1985). These authors demonstrated that the monomeric and
dimeric intermediates formed during refolding of the bakers yeast
enzyme had 35% of native activity and that this activity was sensitive
to trypsin. The studies reported here have confirmed this value and
extended the observed sensitivity of these intermediates to include
other proteinases. Hermann et al. <1983, 1985) also showed that the
refolding intermediates appeared to have significant structure as
assessed by circular dlchroism and fluorescence. This spectral
evidence is consistent with a structured natlve-llke configuration for

these molten globule state species.

Refolding studies on the dimeric rabbit muscle phosphoglycerate mutase

also revealed the presence of refolding intermediates which have

activity sensitive to trypsin, Chymotrypsin and thermolysin (section
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4.3.2.). These intermediates must have a more open structure and could
therefore represent a molten globule state formed on the refolding
pathway of this enzyme. The quaternary configuration of these
intermediates <i.e; dimers or monomers) remains undefined as no

kinetic data for the reassociation of this enzyme are currently

available.

Refolding of the monomeric S.pomhe apoenzyme has also been examined
using the proteinase pulse technique. Use of the proteinases
chyrootrypsin and proteinase K indicated the presence of a refolding
intermediate with a marginally increased proteinase sensitivity. The
proteinases trypsin and thermolysin were without effect. This finding
indicates the presence of a refolding intermediate with some
additional sites accessible to proteolytic attack and therefore
possessing a more open structure. However, these Ilimited effects can
only suggest the detection of a molten globule state intermediate and
such conclusions would clearly benefit from further and more detailed

examination of the refolding of this enzyme.

The refolding studies on phosphoglycerate mutases have also
highlighted a number of potential complications which may be
encountered during such experimental work. The bakers yeast enzyme
represented perhaps the "ideal™ system for refolding studies.
Reactivation of this enzyme was found to be almost completely
reversible at concentrations between 10 and 50 pg ml“’ (section 3.3.4.

and Hermann et ai., 1983, 1985). The data presented here was found to
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be a close fit to the kinetic model of Hermann et al. (1983) both in
the presence (intermediates showing 0% activity) and absence
(intermediates showing 35% activity) of a proteinase pulse prior to
assay (section 3.3.4.). Reactivation of the rabbit muscle enzyme was
also shown to concur with a kinetic model proposed for this enzyme by
Hermann et al. (1983) when a proteinase pulse was included (section
4.3.3.). However, the refolding of this enzyme exhibited Iless than
complete reversibility. The formation of intersubunit inactive
aggregates represents a major competing reaction to the <correct
refolding pathway of the rabbit muscle enzyme. The formation of these
aggregates is favoured at higher refolding concentrations and
therefore the reactivation of the rabbit muscle enzyme is only
completely reversible at concentrations of 5 pg ml“’ (Hermann et al. ,
1983). Similar observations have been reported here with lower levels
of reactivation observed at higher refolding concentrations (section

4.3.3.).

Reactivation of the monomeric S.pombe apoenzyme has been shown to
occur very rapidly with some 85% of activity regained within 4 min of
refolding (section 5.3.5.). This rapid process has parallels with the
refolding of the subunits of the oligomeric bakers yeast enzyme which
occurs rapidly within the first minutes of refolding (Hermann et al.,
1983) and emphasises that the rate limiting reactions of refolding in
oligomeric systems are probably the processes of association which

follow subunit refolding.

197



In contrast to the refolding of the S.pombe enzyme, reactivation of
the monomeric enzymes from wheat germ and A. nidulans could not be
demonstrated following dénaturation in GdnHCI (section 6.3.7.). The
inability of these enzymes to refold may result from the irreversible
loss of a catalytic metal ion which may be required by these enzymes
(section 7.1.1.). Alternatively, the lack of reactivation in these
enzymes may Indicate an inability of @In vitro refolding conditions to
mimic accurately the processes of In VIVO folding. In the 1In VIVO case
processes of co-translational folding may help to co-ordinate chain
folding and domain association in large proteins such as the wheat
germ and A. nidulans enzymes so that an active conformation is
correctly produced. During 1In Vitro refolding these controls are
absent. Similar differences between the 1In VIVO and in VItro systems
could be invoked in explaining the phenomenon of aggregate formation
in the rabbit muscle enzyme and the ability of the S.powhe apoenzyme

to regain full activity.

The use of a proteinase pulse in the refolding studies reported here
has demonstrated the presence of refolding intermediates with reduced
proteinase resistance and therefore a more open structure. An
additional aim of this technique had been to demonstrate the presence
of compact proteinase resistant fragments of structure representing
domains. Such structural elements are thought to refold independently
and subsequently associate to produce the native configuration (Adams

<aj., 1980). It was hoped that the use of proteinase treatments

during reactivation might generate intact folding domains by cleavage
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at connecting residues. These folding wunits could then be analysed
structurally and In fragment reassoclatlon studies such as have been
applied to lactate dehydrogenase (section 1.7.3.). The search for
these structural elements produced during proteinase treatment of
refolding enzyme was pursued at greatest length for the bakers yeast
enzyme since most structural Information which could be related to the
characteristics of the fragments |Is available for this enzyme.
Evidence for low levels of fragment production was observed for this
enzyme using a thermolysin treatment (section 3.3.4.3.). No other
proteinase or phosphoglycerate mutase combination examined yielded
further evidence of such fragments and those from the thermolysin
treatment of the bakers yeast enzyme were not present at sufficient

levels to allow further isolation and characterisation.
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APPENDIX L.

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 (CI 42660) 1in acetic acid: methanol: distilled water (2:2:5) for

1 h and destalned iIn 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 fTixed In 50% v/v methanol
containing 0.038% v/v fTormaldehyde 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

N m After staining the g0l was washed 1In several changes of
distilled water and developed 1in 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 wused 1in all handling operations to avoid

transfer of protein onto the gel surface.
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] exgtas
kn rigorted In tre s of rddit muscle fructose
X alcblese (Chanetal,, 1973; Rudolph et dl,
rabitmscle aeatirekirese (Grossrenetd.,
In esrlierwork (Hermann et al., 1983, we
sone agxcts of te recrstitutian te
Imaﬂcenzymﬂmdmbperalemtase (EC2753)
ionbeler syesst. Over a rage of aaontratias, the
p-esina]mpr(xesswldbeobs:nlalbyarmdel of

x4
AMA2DAT (6

Mae M, D ad T rgxessnt monomer, dimer and
Wairer and where trevalissof K
H ae 6.26d0» m-»s», 60x 10-»s» ad
PBEXIO>M *s» reqeciinely In 50mvi-sodiium
Pmmﬁ'er C(EH 75,20 °C (Hermann etal, _As

enzyme recpils aaorox. 85% Of its
WWWMm Isofttesatofte
idbitm soving tet M In scheme (1)
litres nisa foldadmonomer (Hermann etal.,

Panl T mssess aqorc»( 35%, 35% and 10%/;
< I X l/\ael
%/ M %fas frgl tret of T n belrg

£ U)pSIn (I-Iermann
I Slsqihlrlytopdml;slsmspmedtobea\alwble
slnmraldqargaﬁlrmrsdnrg

E‘(Glrg et a
|Ihlnl Blaschsk, Inﬁepresatmwrwe have
enzyme during refolding to
e Ilfﬁet proteinesss, trysin, dymotrypsin and
216

themolysin. Inallﬁraecasesﬁere sasstantial ks
of adtivity iIn the early steces of refoldirg. Arallysis by

SDS/ponaayl ice—cel showns thet ths
a:]slasaualedvvl extesive digestian of

v ”"”pt&%”qﬂme ks OF fregrot f%?ﬁ*f
Liction

Rgot[er then &0, thet 1he ety fo

Intemediates posess_a number of JikEes 1hat are

s.sEptble o proteohysis.

MATERIALS AND METHODS
The follomig I tre reegaits

campanies
BDH Camicals, idiniunnlorice g@d&
Sigma Chemical Cgm FH%II\BBlLEZ—S’g‘aI’OSQ L—Gg

Dalton Mark VI1-L A merker «t, tukey
uotewesa—lrhlbmrnoleln |

LesY LCK
T elasgEElEd IV) and
ﬁemolysm SlEt]lIBIWIﬂ’\CHlCIun a:elaleand sodium

aetate);. 1Inger Mannheim, proteinese K from
Trtiradiumalum Linter, hoerate (grack
D, 2,31 and avlass; Worthington

three rexystallia,
%%m%%K Pl

Phogdhoglycerate mutase was ity prepared from
beker Syesstby tremethod reported pre\/lasly(Pnce&
Jenide, 199). Honever, some difficitiesnereencount:
ered in gte i stepwith oiﬂ'elert
prrﬁcagc; da/lgc%iaAnaimtage; of'thaﬁml'gf

was ge] iy
that yeest phogdnaglycerate mutase binds to Cibacron
Blue- ardwnbeelutedwm

glcel\/brenaetd Ea;]ﬁ)%)v\as %I loned as

3, which was then dialysed ovemight (&4@13) agalnst
S0mv-sodium luffer, pH 75. The protein

precipitated between 58% and 70% saturatian with
(NHD D« was clleded and reedracted by te
procecure ofde BMorena et dl. (SJS{B) and tre fraction
antainingmaximal adtivitywas dialys™ egainst 10mM-
Tris/HCI , pH 80. The resicle was then
gplied © a colum (10cmx1.80ﬂ*) of Cibacron



618

Blue-Sepharose equillibrated sgpirst the Tris huffer.
Unbound mgem elumaglawash wrth 20ml of
Trlshﬂ'er and thensome of thecontaminating proteins

and/or kinesss)wereeluted
avvash vvrlh m hjﬂércmlaln%g 1mM—AMF?.y
%m x rrutasevvasﬁmeluj@l awashwith
mi s uffer aortaining iSsphospho-
The fractia’s aotaining adtiMity were com-

red, ardﬂemzwevvaspa:lpnatedbymtimmof

o st e
ani

enzyme wes at lest9 % homogeneous by stainirgwith

Coaressie Ble, and the geedific adtivity (880/trol of

3Hdogdg consumed/min per mg of protein)

was le with previasly \alles. The

assay ofenzyme actimity by an erolase-copledassayard
Seectrgdotoretric detemination of protein concetra-

were as desribd 1S mann
&Ig gerfomed previasly (He

Turkey e proteirese-irhibitor protein wes

capled 4B by wsirg the CNBrr activalian

Blc')%cm.lre etal,, 1974). The amount of irhibitor
nd o the”1 was determined as2.0mg/mli ofpacked
ol by messuring tre in removed reectian

a ses of weshes at pH 9.5 and pH 40.
Comrol eqermetts _shoved thet the inmobilizd

imibrtorprotein irectinated at kst 97% of tre

of dymotrypsin orr%ln in soluaon uder tte
adraasusd nte ments (SEEbaIOAD
Dératuration ngmldlnlun and refoldi

Iyoaaterrutasev\ereperforrredasobsr:n
pre\/lashy (Hermann et A, 1983). Sarples withdrann
fron te reneturation mixiure at verias Hies vere

diluted rfecessary to a stadard protein cocantratian
of 10/tgfMml, ad incbated for 1 min at 20 @C with
protelrese (20 /ty/ml or s /ig‘h\) beforeenzyme assayor

aalysisby I5/0 anice-cel ela:lrginﬁssv\mh
bJﬂ'e?/systen 11 (1970)with 15% -acrylamice
skeb of 15mm thideess. The whibiaan of

tharmolysin  before ani 1 electio-
bt ' ERbanTIe ) Sy
aonoentration 2mm) (Girg @ al, 1981). Trypsin ad

g%ron'y[sin oould be ‘irhibited by actirtian
DS toafrdlconcetrataionofo.1 % follonedby rapid
tasfer toaloili

A bethand irnmtimﬁr2m1irg
at 100 Steas, 1982). Alterratnely,

Ieegym was mixed Mm&gml of mgr%alllzed

e proteinese-ini protein atr-

fu” (1000g far 1min) before addrtaon of SDS and

boilrp. The lttamethod had treadvarntage Hﬁ;}

and in could be

Se §1egh hemebardsdjetoﬂEE |reeesd|dmt
a on

ﬂ@Ml%@Wﬂe Daltm Mark VII-L rrarker

SstivM lemented by actitionofgorotinin (M 6500).
Slalnlemard deslalbn%rg of gelswith Ooonagme Blue

perforned theprooedure of Laerml i (19/0)- The
cels were scamed with a Gelman DCD SATE.

Subseouent sha-stainrg of tte was performed
themethod ofWray &t (]SBl)gEJIS il

RESULTS AND DISCUSSION
Regain of activity at diffinent enzyme concentrations

As shomn InF ity
was recainsd F%I ILl]cnonmMmMn

C. M. Johnson and N. C. Priael

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; O,
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).

diloice to 01m . Data are shown for frd eyme
aoncentratians of 10, 30 and 50/g/M; tre continous
Iresinte Flgrearecalmlated on trelesisoftrenmocel
(sdere D |2r\]/\glgq in the absence of @fl’t&s&g
monomeric imeric goeckes posess 39
activity of the tetrarer (Hermann et al., 195).

SosceirtibOity of native enzyme to proteolysis

n | mmw ﬂglghtbe o g
ol in tre enzyme
relbiec? & eperinatts were camied aut In V\hlg

(41)ftg/n1) ves inoubated with \arias
proteml@jcrm n’\ mvl—sodlum hﬂ'erm%
at d‘wog}pln
themo eléslaae ghl) shbalEn
( ) and protemase K Under tee

aodrdas retive enzyme Wes relaively steble tonards
rysin, chymotrsin and tremolysin (<106 lossof
admity after Smin, 40-65% s 60 min) butmuch
less steblle tonards elestase, abtalisnand proteinese K
A) 65% and 65% I(Bsofa:tlwlyresgnztl\elyafcr

i In ggeral, thee raies of Ioss of adtmity
with tte rates of Ioss of te rla:tsulut

polypeptice dain (M. 28000), as detected by DS/
[0 Jami | Sine inemadiacs
of igare lielytobenore ible thenret\c

enzynetopda)bas(Glrgetal \ON), inasacle el
tet, of treproteines=ss tested,

uypsn dymg_ymlnlld
ﬁemolysm aﬁbrded tre best pssilitees of elor 1y
structural danges Inthe enzyme duriing refolding.

Effect of protdnases on enzyme activity during refoldi ig

When the actavities of e chera_terrutase\eze
assayede?jﬂa’lmln inabataion prgamse tae” %
a marked deoreese mactlvny compared v
antrol Iesﬁathadbeenlrregliﬁtedforlmm ntle
absance of proteirese before assay; this daoreese vas

lymarked at the early tine points. Ag. 2 94€ js
te resdis dotained at a phosdoghyoerate nut 2

1986



)Reconstitution of yeast phosphoglycerate mutase

Fig. 2. Ofec gglg/{'mes on the rc-acthratioB of phoopho-

ra?e

The flnal concentration ofphosphoglycerate mutase during
renaturation was 30/tg/ml. A> Activity assayed in the
absence of added proteinase; #, O and O, 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/m1 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.

cocatrataonof30 yuy/Mmil during refoliding; the resulitsat
10 fig/veil and50 /ig/m | shovedasini Under the
aodrta , theactimityofratane c!i»zmrale
rrutase(nlfeamemeorlnﬁe 0.1m-
guanldlnlun d?ldlb ﬁe@ concattraton of
Fraturant 1ng refoldi sighcatdy
afedeby |rabart|gm\/\/|mﬁenolﬁlmsesﬁlmm The

ontiruals lireA inFAg. Z scalaulated on tre besis of
IreinAg. 1, ie thatmonomeric and dimeric ecies
ach poe=ss 35% _of the of tre tetrarer. The
attinuos Iregrgclfig 2 scalaliatedon trelesistret
monomeric ITeriC §IBCIES POSESS Zero oMty
"lie mlts dotaired In tte of tre protelnesss
thow reesoeble agreenent with tre calaulate e B,
thus aorfiming tre exrliar aoclusion (Hermann €L &,
985) that the aotivities of tte Wear‘arlc and dmerlt:g
JCkes ae sFHEite 10 thyEn, exteding
acisin © te dfeds of other proteinesss with

(rflaxgbond seahates.

(N'gesélr%lfo Jm hospbo™ycenite mutase by proteinases

/ol amice-gel
exanine igEstian

M. 2H6

ISWas used
proteiresss of the enzyme

619

b

“10

1 2 3 4 5 6

L R

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 O 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 incubat™ with thermolysin.
The gel was stained with silver according to the method of
Wray etal. (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).

789
mhp\hoqllloglyccnlte matase by protdaas»

cduring refoldig. The results of trese eqerimaTts ae
o) o b corete i etk
ata mutase aonotrakian

0/l and subseqEnt inouoatiion with 20/ig of
protmmsa/hl ﬁr 1min. The nglm rq%;?ts 5
peroantae of n 28000
meterial renalnl I%m with 1he irese
relatlxetoﬁecmtrol sarple which rgare retne
ezyme. (itshould be notc™ that inouation of retive
enzymmmﬁepdem'eeesuderﬁeseammds
causedno digsstion of tre polypeptace dain.)
It 5 dear that Tor all three proteineses testad (trysin,
dynmotrypsinand tremolysin) there sveryarsicereble
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|m0f Iyoeptace dain at the early tines of
Iitt=ch at tre Hertrves.

ch
Inga’arﬁ?l and WWIW
of 800- A material remaining rus it ahead
of tre of tetrarer formed (shown as te
antinuous e in Ag. 3), which inples thet tre
monomeric and dineric gxckes ae ot aopletely
digested under these codiitias. Honever, bylrcrmslgg
the cocentration of proteirese, a grester
digsstaan can be dotaired. Thus, by using 80Ag of
in/fml, the amount of 800SY" naterial
remaining nﬂ'esamletd@ato Zmin sreduced
20’\ compared with 32% at 20/Ag of thermolysin/l.
mgher concentrataon of thermolysin did not cause
a“u'/tdlgﬁsl]mcfratl\eenzwe ucer theseaoditias.)
Snot clearwhy the degree of irectivatian caused by
% 2¥obes not corelate ecctly with tre
Oicreperny ol roflat 02 reatr (o of T
i o gregter eqeri-
Y enror in tre lttarmeasurements or Idicate thet
Inecivation might be caused by tte loss of anly a few
ammo ecid fron one end of tte O ik
dain (Winn et al,, 1981; Fotrergill & Harkirs,
Some of the |recl]\atallenzyne which would ot
rafssanlybemsnl\ajfmnrau\eenzymby;%/poly—
electrgdoresis uder our raas
acri/cllalsnmolergomore edasive digstion.
e OBlSV\EI’e examined caefully for evidcace of
distirctfraents formed by theactionofproteineses on

les during refoldiry. Such fragrentswould presum-
SAE/ represant conpact folldsd unats, which vvould ke

resistat to ds by poteiresss. In the casss of
ti"smad in, therewas no evidence farany
cistltrl:é'n%lrgm oresterthen 6500 inany sarples
dunng O Smin © 60min). This
an:lusxnvvas with the use of Coamassie Blue

ortremore sasithesihastainigproocre. Intrecese
ofthemolysin, stainirgwirth Coamassie Blue (and more

partaau with siha) reealed te of
in tre 12000-15000-range samples
tEHenat mepointshut toa lessrexdtent from those
twen fron e tre points . 3). Honvever, te
cegree of stainig by Coamassie Blue of trese
orter of tuce kssten
re 28000-Afp band of the aotrol sarple, showing trat
e\mattreeerlytlnep)lntsrmstoﬁrepolymombd’mn
" degraded o sl fragrents (/, ks then
The oarall caclusion from heseeqerinats StH,
at earty tine points (less then 2min) during refoldirg,
i
etk T dr%'?(EFh.gh.y
ssEptble o te a:tlm tte proteiness

inand themolysin. Slrremostoﬁheenzym
gopears tobe digested to of &/, lessthen 650,
ltvould thet thefoldsdmononeric, ardpmbdablé
tre dimenc, speees have a large number of S0t
TOos. IiE B tet te cd eqernets
(Hermann et dl., 1983) thet the foldsd monomer
posseses gorax. 85% of the secodary structure of
nply tret

reslts inthepresentpeper
thisfoldad structure sdill rather “loose”, with a number
otexposed ates farattadk by ﬂotelm&s teedtsae
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presimebly rencered less accessible during subsegLe i

assn:latlm of tte monomers (ad dimers) axd/or

ofﬁeahnltsnwme The lamou k&

ogeraisd by tremolysinat dort tines _ if

relbldlrg . ) nplies et at. lestore of tre WK

bonds tobedeaed inttefoldadmonomer slocatedre

the antre of tre polypeptice dain. Examinattion of tte

anuno 80'1882 §eq5noe of tre |II 4
Harkins reclsa tetrgorolne ssguence

nﬂecentreofmed'aln of 2 1 anlno

alrmsteectly

aeds. Sinete niteleants intrefoldiry ypeptace
dairs are thought t© inolhe fomataon of secadhry
structures such as atelics (laaide, 19°2) tret carot

’\ommodate prolire resides (Chou & Fasman,
Or1’Lg 1o postulate thet an early aatt in
hyoerate

mutose  gdanit
mol\esihasqaalatefoldl of tte two halves of tte
ypeptide dain, o as ©

bonds near tre I'e sso.ee. The purmhicatian
ammdﬂmmmmd ofprotsolytic fragrentswill
be necessary to provice aothimation of this hyottesis.

We thank the Science and Engineering Research Council for
nnanaal support.
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ﬂe\/lo.sly(l-lermann dal., 198). The ssoptidity
red as desorabd
'gy'DIH)l}GIS &rargmle(@]%igmmnm a5

Fluorescenee stuoiies were performed at 209C In a
PerkinElmer MPF 3A fluometer. Joectra were re-
dageslgcrglnrred aﬂz;d :tuén Gd%—glqsr}gh of

e g

Jraten fluoresoace by acrylamice and suedhimide was
as desoibed by Eftirk& Gorradvii (1989), with

the goorgoniate conrectias cesoribsd by ttese autihors
keingmade fardiluaanand Nimer fille™ eflets. Before
s, acrylamiceand suocinimicewere ra:wlalllzdfrm

aetate and ettaol
-d. geectravere recorted ak 20 " ina Jobin-Yvon

Dichrogrape IV, mcellscrfOlmm path-lagth. The

byﬂergmoedjremeorfe d_( Vectra
were
recorced IS nun after an of GAnHCI
The actmity of mutase NGAdnHQ

oculld not lIJe measu directly by tte stam%relli
erolase-capled-assay procedure (isdlia, 199)),
case Of the pronounokll effedts of the dératurant at
coatratiasabove aout O.Sm on tte of tte

I a disootanuous
cap r‘gl |nV\h|d| Olnl%‘ les of tre mmas_ay
mlxlure enzwe iIn dmMM-Tris/HO huffar, pH 70,
aotaining ]Om\/|—3—|d1ja i and 0.3-2,3-

bisphoYoglycerate at D*0) were add™ O amixture
omlalnlr%) (d volure 1Iml) te follomng com-
mM-Tris

/HQ uffer, pH 7.0, 20mV-KCl,
5mM- MgSO« 0.2mM—-ADP, O_ISmM-NADH, 20/lgof
avlese, 18/<gofg/ruale kinese and 6 Of lctate
dehydro’\ase The veryrepid Hll In ixture

(after comecion for dilula)) B a measure of te

2qdogdoglyoerate formed N tre sanple from te
Iyoerate nutese-catalysed resction. By tekig
ﬁ%@ n te €l In between te les
va/!gggmo.SmmardSmln afterﬁe"tla:j]g ﬂ(;e}
lycerate resctian, tre rate
procuctian of 2 ocauld be calailatad.
Gontrol eqeerinents shoned tret, under the codrtaias
amployed, tte raleof tte reectinvwas
moirecﬂy oer this %(me%?m reectiin ar;d
proortd amount ofenzyme n
addian, because of the grester of te
mplealpled asssy (Inoivirg axacatian of NADH)
with the srgle—cnpled asssy (inolvirg
procuctaon of pghogdoao ), Iwas bleto
stoy tte reection at GAnHC 1 concen-
tratias up o 2M, sEe the maximum carry-oer of
deratwmttolfesecmjslage was N 0.2m ,which had
no cetectable effect on the metaboliam 0f2—p“nspm—

ghycerate by the coupling system.

RESULTS AND DISCUSSION

L

[ljrlngﬁeauseoﬁhsv\om clexthettie

rrutasefmnSO?]f[E
(S 1 cmlalnsd a Slgilfﬁ aoentratian

bi hoerate aftr the G-2S o
ﬁltratmslqo Thus treenzyme in the absance of added

2,301 shoned ggorax. S0% of te
actlvnydjtal in the presence of saturatarg (0O.3mM)

C. M. Johnson and N. C. Prie

aofedtor. Extasive dialyais of the preparation scpins
SOmu-sodiumprosarate, pH 7.5, ledtoalmost
reoval of 23—b|sf“§imm'ate [<2% amMt
cVernved intheabsenoe ofadded aofector; avaluevhica
aoulld be acoounted for ﬂep[esareoﬂraceamunt
<0.005%) of te in Grade |
). By messuring tre actimMity aftar acoitian o

crmantratlms 2,3-bigiogdoglycerate to tx

cialy==d argarmt fortre aofectorauulc
beestlrraledasﬂ_l Cnﬂepresamof]ﬂmu—
S-Hmd’cgbnarate) By amlogous mnadres
\alles for 2, 3—b|sp'r5ﬂ%’
tlrratedasl4+1DUand7+61pJ er‘l%%{rg
frombeker"syesstand ratbrtnuscle
\alles e within the rage @1-12%) rgoorted by
Grisola & Carreras (19/5) for differat 2,3-bigdogdo-
g orate ANES. Fr%rgﬁeol’\rv%dfa:tlvlly
ponte enzyme in asance of added
2,31 the,conoentrataan of cofector

in the stock utlmofLmllalysed prepared
recissolvirg the freeze-dried neterial %.Smg/ml) auld

becalm:fagﬁtg&hlej 10mu. I sBreessaeble O
propose i enzymeaslsprecbmrmtly
n te ated fom, sine te

5 oF 25

enzyme easts in tis form N te
blsdmdmhmrate (Winnetal., 1R0).

Stability of . pombe phospho”ycerate mntase

Solutaias of er%ws?ed %rml N 9i0f%
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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 GAnHCI. The enzyme concentration was 10g/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.
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Co-factor-independent phosphoglycerate mutases
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Dvparlmeni of Biological Science. University of Stirling,
Stirling '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, filamentous 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 al.. 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 (Blattler &
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
d al.. 1981; Fotherqill & 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 Go™" or
Mn’"Nis necessary to promote re-folding of the enzyme after
denaturation by guanidine hydrochloride (Smith & Hass,
1985; Smith ct al., 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, of 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 al.. 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,

Abbreviation used: HQSA. 8-hydroxyquinolinc-5-sulphonic acid.

Table |. 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 4RC.

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 al., 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 1h. 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 1h, 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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