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Studies of enzyme kinetics and aspects of enzyme structure
in vivo using NMR and molecular genetics

A quantitative understanding of metabolic control depends on a
knowledge of the enzymes involved. The extrapolation of studies in vitro
to the intact cell is controversial because the intracellular environment is
relatively poorly characterised, particularly with respect to the
interactions between weakly-associated enzymes.

There is a clear need to study enzymes directly in the cell, yet there are
few suitable techniques. Metabolites have been very successfully studied in
cells by the non-invasive technique of nuclear magnetic resonance (NMR).
NMR studies of enzymes in the cell have, however, been prevented by
difficulties in assigning the resonances from the many proteins within the
cell.

A method for studying a specific enzyme in the cell has been developed,
using Saccharomyces cerevisiae and phosphoglycerate kinase (PGK) as a
model system. Using an inducible expression system, PGK was synthesised
in the cell without significant synthesis of other proteins. With
5-fluorotryptophan in the growth medium, fluorine-labelled PGK was
formed in situ. Fluorine is an excellent label for NMR since it is absent
from most cells and has a high receptivity to NMR detection.

19F NMR was used to study PGK in the intact cell. Comparisons with
measurements in vitro showed that PGK was exposed to only a small
fraction of the total intracellular [ADP], implying some form of
compartmentalisation. The NMR relaxation properties observed in vivo
and in vitro were compared with theoretical predictions. This showed that
PGK was not part of a complex in the cell and that the viscosity of the
cytoplasm, relative to water, was c. 4 at 30 °C. Fluorine-labelled pyruvate
kinase and hexokinase have also been prepared; the spectra of these
proteins in vitro are responsive to their ligands, and further work will
study these proteins in vivo.

NMR techniques were also applied to study the kinetics of PGK in the cell.
PGK and GAPDH catalyse an ATP«P; exchange which is near-equilibrium
in wild-type cells. 31P magnetisation transfer experiments in genetically
manipulated cells showed that the reaction becomes unidirectional if the
PGK activity is reduced by 95 %. Net flux is reduced by less than 30 %. In
low-PGK cells, the ATP« P; exchange from oxidative phosphorylation can
be isolated from that of glycolysis, facilitating direct measurements of the
P:O ratio. In the cells studied, the P:O ratio was 2 to 3.
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glycerol-3-phosphate

glycerol-3-phosphate dehydrogenase
glucose-6-phosphate

glucose-6-phosphate dehydrogenase
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gram, 103 kilogram

glyceraldehyde-3-phosphate
glyceraldehyde-3-phosphate dehydrogenase

glucose oxidase

guanosine triphosphate

N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid
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HPLC
HK, HXK
kb, kbp
kDa
LDH

M
MDP
MES
ml
MOPS
NAD, NAD+
NADH
NDP
NMR
NOE
NTP
Pa
PAGE
PCA
PDE
PEG
PEP
PGl
PGK
Phe

Pi
PIPES
PK, PYK
PME
PMSF
POD
ppm
R1

R2

high pressure/performance liquid chromatography
hexokinase

kilobases, kilobase pairs

kilodaltons

lactate dehydrogenase

mol dm™3

methylene diphosphonate
2-(N-morpholino)ethanesulphonic acid
millilitre, 10-¢ m3
3-(N-morpholino)propanesulphonic acid
nicotinamide adenine dinucleotide (p form)
reduced nicotinamide adenine dinucleotide (p form)
nucleotide diphosphate

nuclear magnetic resonance

nuclear Overhauser effect

nucleotide triphosphate

Pascal(s)

polyacrylamide gel electrophoresis
perchloric acid

phosphodiesters

polyethylene glycol

phosphoenolpyruvate

phosphoglucose isomerase
3-phosphoglycerate kinase

phenylalanine

inorganic phosphate, orthophosphate
Piperazine-N,N’-bis[2-ethanesulphonic acid]
pyruvate kinase

phophomonoesters

phenylmethyl sulphonyl fluoride
peroxidase

parts per million

spin-lattice or longitudinal relaxation rate constant

spin-spin or transverse relaxation rate constant
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TEMED
TIM, TPI
Tris

Trp

revolutions per minute

second(s)

sodium dodecyl sulphate (lauryl sulphate)
spin-lattice or longitudinal relaxation time constant
spin-spin or transverse relaxation time constant
N,N,N’,N’-tetraethylmethylenediamine

triose phosphate isomerase
tris(hydroxymethyl)aminomethane

tryptophan

tyrosine

enzyme activity unit, ymol product per minute
percentage by volume

percentage weight by volume
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1 Introduction

1.1 The importance of enzymology

A quantitative understanding of metabolism depends on our knowledge of
the enzymes involved. An understanding of the control of metabolism is a
prerequisite for its rational manipulation for investigative, therapeutic or

commercial purposes.

One of the most active research areas in enzymology concerns the behaviour
of whole systems of enzymes acting together. The problem has received much
attention through both theory (Kacser and Burns 1973; Heinrich and
Rapoport 1974; Torres et al. 1986; Kacser and Porteous 1987; Acerenza and
Kacser 1990) and experiment (Weber and Bernhard 1982; Srivastava and

Bernhard 1986; Srere 1987, Srere and Ovadi 1990; Sumegi et al. 1990).

Although the combined properties of enzymes in solution can lead to complex
phenomena, such as the well-known oscillations in metabolite concentrations
(Hess 1973), much of the interest has focused on the existence and operation
of weakly-associated multienzyme complexes. These complexes may be
defined by specific interactions between proteins or by their co-localisation

on cytoskeletal or membrane structures.

However defined, it is thought that some synergy may arise from the direct
interaction of several enzymes; complexes may possess important kinetic or
regulatory properties because of their supposed ability to “channel”

metabolites directly from one active site to the next (Srere 1987; Jackson et

al. 1990; Srere and Ovadi 1990; Ovadi 1991).



The paper by Ovadi (1991) is a review article at the beginning of an excellent
special issue of the Journal of Theoretical Biology. Nearly thirty articles on
metabolite channelling have been brought together by Athel Cornish-Bowden
in this volume. Many of the articles are critical of the evidence for the
existence of metabolite channelling, or question its importance even if it does

occur. Clearly, the field remains controversial.

The difficulty in devising convincing models or experiments originates from a
failure to understand the intracellular environment, as experienced by the
enzymes in question, in sufficient detail. An experimental approach to
overcoming this limitation is, clearly, to perform experiments in which the

enzymes are studied in situ in the intact cell.

Not many techniques allow the non-invasive study of a chosen enzyme in the
intact cell. The aim of the work undertaken in this thesis was to develop and
apply the non-invasive techniques of nuclear magnetic resonance in ways

that may increase the understanding of the intracellular environment.

1.2 Non-invasive probes of the intracellular environment

Studies of optically active molecules in the intact cell have a long history
(Keilin 1925; Millikan 1937) and continue to be important (Gyubi et al. 1988;
Campbell 1990). These rely on observing the absorbance, fluorescence, or
luminescence of naturally occurring or artificially introduced molecules in
the cell. Some of the studies with fluorophores have shown great sensitivity -
even allowing fluorescent probes of viscosity to be observed in single cells

(Dix and Verkman 1990).

Optical techniques are necessarily limited in their application by the poor
tissue penetration depth of visible light. Their use is confined to looking at

thin layers of cells or only the surface of bulky tissues, although



improvements in image intensifying and other technologies will probably

widen their use.

The potential for the application of nuclear magnetic resonance spectroscopy
in biological systems has long been recognised (see, for example, (Gadian
1982)). In this context, the ability to gather data throughout a relatively
large, opaque sample, such as a human being, is a distinct advantage over
optical techniques. Conversely, there seems little prospect of collecting data
from a defined area the size of a cell with NMR techniques. Nevertheless, NMR
studies of living tissues have been immensely useful and are capable of
yielding a great deal of information about the intracellular environment
(Gadian 1982; lles et al. 1982; Avison et al. 1986; Radda 1986; Brindle and
Campbell 1987).

1.3 Types of NMR experiment in vivo

The applications of NMR to the study of intact tissues are diverse. NMR can be
used to measure steady-state concentrations of metabolites and the time
courses of their turnover (Arnold et al. 1984). 1sotopic labelling experiments
enable the fate of a molecule to be followed through time (den Hollander et
al. 1986). Magnetisation transfer techniques enable relatively fast reaction
rates to be measured (Brindle and Campbell 1987), such as the flux between
v-ATP and the phosphate of phosphocreatine. NMR has also been used to
study membrane potentials and cell volumes (London and Gabel 1989) and

the intracellular viscosity (Endre et al. 1983).

Diverse and powerful though these applications are, studies of small
molecules in the cell do not necessarily improve our understanding of the
immediate environment of a particular protein. In principle, this information

is at least partly accessible through NMR studies of the protein itself. In



practice, this has only been possible in some special cases (Brown et al. 1977;
Wang et al. 1990) because of the difficulties of assigning the observed

resonances in the cell to a particular protein species.

The work in this thesis has primarily been concerned with developing a
methodology to allow the introduction of NMR-observable labels into a
defined protein in the intact cell, and then to use the non-invasive techniques

of NMR to study the labelled protein in situ in the intact cell.

1.4 Yeast glycolysis as a model system for studying
enzymology in vivo

All the work done in this thesis employed the baker’s yeast Saccharomyces
cerevisiae as a model organism, although the techniques developed clearly
have application in other systems including mammalian cells. Yeast
conveniently combines properties of bacterial and mammalian cells, in that it
is simple to grow and to genetically manipulate, yet it has the complexity of
function of a eukaryote (Botstein and Fink 1988), and indeed has been
regarded as a paradigm for the tumour cell. Yeast is capable of using glucose
through glycolysis at a great rate, and so one might expect it to be adapted by
evolution to use this glucose in an efficient manner. One might, therefore,
expect any rate-enhancing multienzyme complexes to be apparent in this

organism.

1.5 NMR, genetic engineering, and molecular modelling
combined

Metabolic control theory shows how the influence of each component in a
metabolic pathway can be isolated and characterised, and suggests a

methodology for performing experiments to determine the influence of each



activity in the pathway (Kacser and Burns 197 3; Heinrich and Rapoport 1974;
Kacser and Burns 1979; Kacser and Porteous 1987). The experiments require
changing the activity of a single enzyme in the pathway and evaluating the

resultant change in pathway flux.

The techniques of molecular genetics offer the prospect of specifically
manipulating enzyme activities in a way that is far more powerful than
conventional inhibitor studies (Nimmo and Cohen 1987). In combination with
NMR studies of the changes in fluxes, this allows non-invasive assessments of

the role of different enzymes in the cell (Brindle et al. 1991).

Molecular genetics also suggests a method for introducing an NMR-detectable
label into a specific protein in the intact cell. If the synthesis of a particular
protein could be elevated when other proteins were not being synthesised,
then a labelled amino acid present in the cell could be incorporated
exclusively into the target protein. Inducible expression systems make this
possible (Sykes and Weiner 1980), and molecular genetics can be used to

apply this principle to any chosen protein (Brindle et al. 1989).

NMR has the potential to reveal the motional properties of the nuclei
observed (Harris 1986). There are many modes of motion in a
macromolecule, and they can not all be understood analytically. Some of the
motions in a protein can, however, be modelled by iterative computation on a

large scale.

Molecular dynamics modelling, from structures obtained by crystallography,
high-resolution NMR or even by prediction, should allow calculations of the

motions within the protein. A knowledge of the motions involved allows the

prediction of the expected NMR spectra from the molecule under different

conditions, at different temperatures and viscosities, for example.



Comparisons of predicted and observed NMR spectra from the intact cell
could give information about the protein in situ, whether it was part of a
larger complex, or associated with a membrane or the cytoskeleton, for
example. It is hoped that the combination of NMR, molecular genetics and

molecular modelling will allow some further questions about the operation of

enzymes in the intact cell to be answered.



2 Materials and Methods

2.1 Conventions used

Abbreviations used in the protocols are expanded in the Abbreviations

section preceding Chapter 1.
2.2 Suppliers of materials

2.2.1 General reagents

Reagents were obtained in analytical grade from various sources. The water

used was double glass-distilled or purified (Millipore MilliQ™) water.

The principal suppliers were :

Aldrich Chemical Company Ltd., Gillingham, Dorset, England
BDH Ltd, Poole, Dorset, England

Boehringer Mannheim UK, Lewes, East Sussex

Sigma Chemical Company Ltd., Poole, Dorset, England

2.2.2 Growth media

Dehydrated yeast and E. coli growth media and agar were obtained from
Difco Laboratories Ltd., East Molesey, Surrey. The Bacto™ range of products

referred to in the media recipes is produced by Difco.

2.2.3 Biochemicals

Enzymes were obtained from Boehringer Mannheim or Sigma. Where

activities of coupling enzymes are quoted in an assay protocol, the specific
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activity of the enzyme used was taken from the manufacturer’s product
information. Nucleotides, hexose and triose sugars and their derivatives were
also obtained from Boehringer or Sigma. B~NADH, notoriously difficult to
store (Fawcett et al. 1961) was obtained pre-weighed in glass vials from

Sigma. The snail gut preparation Glusulase™ was obtained from NEN Du Pont

(UK) Ltd.

224 The yeast strains used

All the strains used for this work were haploid forms of the yeast

Saccharomyces cerevisiae

AH22  a canR his4-519, leu2-3, leu2-112

BC3 his 3-15, leu2-3, leu2-112, trpl-1, ura3-52 pgk::TRP1

BJ2168 a gal2, leu2-3, leu2-112, pep4-3, prbl-1122, prc1-407,
trpl=,ura3-52,

DBY745 o adel-100, leu2-3, leu2-112, ura3-52

FY3-1 trpl, adel-100, his3-11, his3-15, leu2-3, leu2-112

FY7-11 trpl, adel-100, leu2-3, leu2-112, ura3-52

RH1319 a aro3-2, aro4-1
RH1320 o aro3-2, aro4-1, leu2-2

These strains were obtained from

Dr Alan Kingsman, University of Oxford (AH22, DBY745, FY3-1, FY7-11),
Dr Peter Piper, University College, London. (BC3),

Dr John Rosamond, University of Manchester (BJ2168),

Dr Peter Niederberger, Nestlé Research Center, Vevey (RH1319), and

Dr Gerhard Braus, ETH, Zurich (RH1320).



2.3 The plasmid vectors used and prepared

All the plasmids used can function as “shuttle vectors” as they possess both
yeast and E. coli replication origins and selection markers. The plasmids carry
the yeast LEUZ gene which expresses R-isopropyl-malate dehydrogenase to
complement the deficient leu2 gene in the chromosomal DNA of the yeast

strains used. They also carry an E. coli gene conferring resistance to

ampicillin.

The pMA and pYC plasmids have been prepared, characterised and

comprehensively described by groups in Oxford and London (Ogden et al.
1986; Piper et al. 1988).

2.3.1 Acknowledgements

pR21M and pD372N have kindly been made available by Drs. Jennifer
Littlechild and Herman Watson, Bristol. The pMA and pKV plasmids were

kindly provided by Dr. Alan Kingsman, Oxford. The pYC plasmids were kindly
provided by Dr. Peter Piper, London.

2.3.2 A glossary of the plasmids used

See the Figure 2.1 for outline maps of the important plasmids described

below. Table 2.1 summarises the nature of the plasmids used, in alphabetical

order.






Table 2.1

Plasmid Expression Promoter type | Expression level
name product (c.f. wild type)
pBF72 PK PGK/GAL UAS up to 25
pD372N PGK D372N PGK x 20
pKVv43 PGK PGK/GAL UAS up to 25
pKV49 none PGK/GAL UAS —
pMA3a none — —
pMA27 PGK PGK x 20
pMA301-1 Interferon PGK —
pPMA766 PGK PGK, no UAS X5
pPMA777 PGK modified PGK lto2x
pR21M PGK R21M PGK x 20
pYC763 PGK modified PGK 20 %
pYC767 PGK modified PGK 50 %
pYC775 PGK modified PGK S %

Alphabetical list of the plasmids used in this work and their important
characteristics.

PGK is phosphoglycerate kinase, PK is pyruvate kinase. All the plasmids use
derivatives of the yeast PGK promoter. Some have been made galactose-
inducible by the substitution of the Upstream Activator Sequence from the
GAL1-10 gene in place of the native PGK UAS.

2.3.2.1 pMA27

pPMA27 expresses high levels of PGK constitutively (Mellor et al. 1983). It
contains a 2.95 kb Hind IIl fragment that has the very efficient PGK promoter
directing PGK synthesis. When transformed into the yeast strain AH22, for
example, it causes up to twenty-fold normal expression levels of PGK protein.
PGK normally represents some 3 to 5% of the total soluble cell protein in
untransformed cells, and can rise to become as much as 50% of the total

soluble cell protein depending on the cell type and growth conditions.
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2322 pMA301-1

pPMA301-1 is a derivative of pMA27 in which the PGK coding sequence has

been replaced by that of human interferon a2. The PGK promoter sequences
are retained but transcription levels are lower than in pMA27 since they are
influenced by the coding sequence itself (Mellor et al. 1985). The interferon

product only reaches 1 to 3% of total soluble cell protein.

2.3.2.3 pR21M and pD372N

PR21M is a derivative of pMA27 in which the coding sequence for PGK has
been mutagenised to express the site-specific mutants R21M and D372N

respectively (Minard et al. 1990).

2324 pMA3a

pMA3a is a vector that contains no expression cassette. It is equivalent to
PMAZ27 but without the Hind III fragment that carries the PGK gene

sequences. It does, however, express the products of its selectable markers

LEUZ-d and Amp*.

2325 pMA766

PMA766 is based on pMA27. The UAS region of the PGK promoter, at -402 to
-479, has been deleted to reduce the promoter strength. Transformed into
AHZ22 cells it causes around five times wild type expression levels of PGK

protein.

2326 pKV43

pKV43 is similar to pMA27 but with the upstream activator sequence from
the GALI-10 gene in place of the PGK UAS. A 144 bp GAL1-10 UAS fragment

was inserted at the unique Bam HI site in pMA766. The promoter is thus

galactose-inducible and glucose-repressible.
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2327 pKV49

pKV49 is similar to pMA27 but it does not contain the PGK coding sequence
(Cousens et al. 1990). The PGK UAS sequence of the native promoter has been
replaced with the 144 bp UAS region from the GALI-10 gene. The Bal31
nuclease used to remove the coding sequence also removed part of the native
3’ UTR including the transcription terminator region. A sequence
incorporating the PGK transcription terminator and a translation stop codon
ATG has been inserted just downstream of the unique Bgl II site that is used

as the coding sequence insertion point.

2328 pBF72

pBF72 was constructed by inserting the coding sequence for pyruvate kinase
(PK) into the pKV49 vector such that the PK coding sequence is transcribed in
a galactose-inducible manner under the direction of the efficient hybrid

PGK/GAL-UAS promoter.

2.3.2.9 pMA777

PMA777 is similar to pMA766 but with a different deletion in the promoter
region. When transformed into the pgk~ yeast strain BC3 the PGK expression
level is comparable to the level expressed from the chromosome in the
parental diploid BC2.2 yeast strain (Piper et al. 1988). Because of this
similarity, this expression level was considered to be approximately wild type
for this yeast strain and this plasmid was used to obtain “control” expression

levels for the pYC plasmids.

2.3.2.10 pYC775, pYC763

The pYC vectors contain yeast CEN4 centromeric sequences in place of the
replicative 2u sequences found in the other vectors. This keeps the copy

number as low as 1 to 3 copies per cell. pYC775 and pYC763 each have the
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PGK coding sequence under the control of different weakened promoters,
based on pMA775 and pMA763 respectively (Ogden et al. 1986). The low
copy number and the inefficient promoters result in very low levels of PGK
expression, approximately 2 to 5% of control expression from pMA777

transformed into yeast strain BC3.

2.4 Plasmid preparation, analysis and storage

2.4.1 Plasmid production and isolation

Plasmids were prepared in E. coli according to standard procedures
(Sambrook et al. 1989). Briefly, the transformations used a calcium chloride
treatment to make the cells competent, and the plasmid preparations
employed caesium chloride density gradient centrifugation to isolate circular

superhelical plasmid DNA.

The isolated plasmid DNA, either fully purified by an alkaline-lysis method or
partly purified in small-scale rapid-boiling “minipreps”, was analysed by
restriction fragment analysis with agarose gel electrophoresis to confirm that

the correct material was used for the subsequent yeast transformations.

2.4.2 Restriction enzyme digests

The digests were performed in 0.5 ml plastic microcentrifuge tubes with a total
reaction volume of 30 ul. The reaction mixture comprised 10 ul of
miniprep sample, 3 ul of reaction buffer concentrate (supplied with the
restriction enzyme), 0.1 to 0.2 ul of restriction enzyme stock (typically 1

to 2 units) and water.

The mixture was incubated at 37 °C for 1 to 2 hours before analysis by

electrophoresis. The gel loading buffer used contained a small quantity of
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RNAse A, sufficient to degrade the RNA contaminants in the mixture within

seconds.

243 Fragment analysis by agarose electrophoresis

DNA fragments were separated by electrophoresis on 1 % agarose slab gels

after RNAse treatment as described by Maniatis et al. (Sambrook et al. 1989).

24.4 Long-term plasmid storage

Long-term storage stocks of plasmid DNA were made by transferring 5 ul of a
1 to 2 pug/ul DNA solution into a 500 uyl microcentrifuge tube, adding 10 ul of
ethanol and 0.5 ul of 3 M sodium acetate. The mixture was frozen at minus 20

°C after centrifuging at c. 15000 g at 4 °C for 10 to 15 minutes.

2.4.5 Plasmid assembly by ligation

2.4.5.1 Linearisation of pKV49

Plasmid pBF72 was prepared by inserting the pyruvate kinase coding
sequence into the Bgl Il expression site of vector pKV49 such that the
transcription of pyruvate kinase was under the control of a galactose-
inducible promoter. DNA containing the pyruvate kinase coding sequence was
kindly prdvided by Alistair Brown, Edinburgh, and this was modified by Peta
Braddock, Oxford, to give a fragment for expression. The protocol followed to

effect this ligation is described below.

S ul of pKV49 stock (approximately 10 pg) was resuspended to 100 ul with 10 ul
of 10X restriction enzyme buffer (as directed by the supplier) and 5 ul of
Bgl Il restriction enzyme stock (50 units, Boehringer product). The mixture

was incubated at 37 °C for 2 hours to cut the pKV49 at its single Bgl 11 site.
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At the end of the incubation period, 5 units of calf intestinal alkaline
phosphatase (CIAP) was added to the reaction mixture to remove the
terminal 5’-phosphate groups from the linearised DNA. This prevents

recircularisation. The mixture was held at 37 °C for 20 minutes.

100 ul of water, 100 ul of STE-saturated phenol, and 100 ul of chloroform were
added to the reaction mixture and the whole was twice shaken and
centrifuged (5 min, 15000 g benchtop microcentrifuge) to remove the

proteins in the mix.

The upper, aqueous DNA-containing layer was removed to a clean 1.5 ml
microcentrifuge plastic tube. The DNA was precipitated by adding 1/10
volume 3M sodium acetate and 2 vols. ethanol. The mixture was left on ice

for 30 minutes and then centrifuged (15 min, 15000 g) at 4 °C.

The ethanol was removed from the DNA pellet with a fine, flame-drawn Pasteur
pipette. The surface of the pellet was gently rinsed with 200 ul of 70%

ethanol/30% STE. The pellet was resedimented by centrifugation as before.

The supernatant was removed from the pellet with a fine pipette as before, and

dried for 2 minutes in a vacuum dessicator.

The linearised pKV49 stock solution was prepared by overlaying the pellet with

20 ul STE, allowing it to resuspend at room temperature for 30 minutes

and then transferring the tube to storage at 4 °C.

The linearisation of pKV49 was confirmed by electrophoretic analysis of 2 ul
of the stock solution on a 1 % agarose minigel against the uncut plasmid and

3 ul of a set of rewarmed linear phage A Hind I1I/Eco RI fragments

(Boehringer). The concentration of the stock was also determined by

comparing band intensities of the pKV49 and A bands and correcting for the

different fragment sizes.
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2.4.5.2 Ligation of linear pKV49 and the PK coding sequence.

A sticky-end ligation procedure was carried out as follows.

Approximately 0.2 ug of linearised pKV49 was incubated with one to two times
its molar concentration of the 1.76 kbp PK coding fragment. The ligation
was carried out in 20 ul of pH 7.5 ligation buffer containing 60 mM Tris,
10 mM MgCl2, 1 mM EDTA, 10 mM DTT and 2 mM ATP. The reaction was

catalysed by 2 units of T4 ligase, approximately 0.5 ul of stock solution.

The reaction mixture was incubated in a water bath in a cold room overnight at
12 °C and then the ligase was inactivated by heating the mixture to 70 °C
for 10 minutes. 10 ul of the reaction mixture was removed from the tube

and used to transform E. coli cells as described above.

2.4.5.3 Selection of the plasmid with correctly-oriented insert

[t is possible to distinguish plasmids with no insert, the correctly- and
incorrectly-oriented inserts on the basis of their Eco RI restriction maps. This
is possible since the insertion site on the vector lies at a unique site with
respect to the Eco RI sites in the vector and the fragment itself is cut into two

unequal fragments by Eco RI. Single transformants were restreaked for single

colonies on ampicillin plates.

Plasmid DNA from 24 different transformants was isolated and analysed as

described below.

Rapid boiling minipreps were used to prepare DNA samples from the

transformants. The DNA was digested by Eco Rl and the fragments separated

by electrophoresis.

All pKV49-based constructs produced fragments of 2.45, 1.0 and 0.75 kbp.

The size of the remaining fragments depends on the insert at the Bgl II site.
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For each possible outcome of the ligation, the additional fragment sizes for

each insert, in kbp, are shown in Table 2.2.

Table 2.2
Insert orientation Size of extra
fragment(s), kbp
No insert 4.5
Correct insert 4.26 and 2.0
Inverted insert 5.5 and 0.76

Selection of the correctly-oriented pyruvate kinase insert into pKV49.

The absence of an insert into the vector pKV49 or its presence and orientation
was determined by examining the EcoRI restriction map. The insert gives rise
to unique bands that were used to calculate the orientation.

Each transformant was classified as having no insert, the correct or the
inverted insert on the basis of the restriction digest pattern. Analysis of 24
transformants showed that five had no fragment, eleven had the inverted
fragment and eight had the pyruvate kinase fragment correctly inserted into
pKV49. One of these correct-insert transformants was chosen and restreaked
for single colonies on ampicillin plates. One of these colonies was used to
produce a larger quantity of purified plasmid DNA for the yeast

transformation.

The stock of plasmid produced was examined in a double Eco RI / Bgl II digest
to confirm its identity before proceeding to use the stock for the yeast

transformations.
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2.5 Storage, growth and manipulation of yeast

2.5.1 Growth media

25.1.1 Preparation and storage

All these media were prepared and autoclaved for 20 minutes after reaching
115°C (15 psi) and then used when cool or stored at 4°C in at least partial
darkness until required, normally within four weeks. Additions of amino acid
stocks etc. were made immediately prior to inoculation. Proportions are

quoted w/v for solid ingredients, v/v for liquids.

2.5.1.2 Defined minimal media

“YNB” media comprised 0.67% Bacto™ Yeast Nitrogen Base in water. “YNBD”
also contained 2% glucose (“dextrose”). “YNB Gal” contained 1% Bacto™
galactose instead of the glucose used in YNBD. YNB media are of defined
composition, containing minerals and vitamins and simple salts, and they
omit the purines, pyrimidines and all of the casamino acids (Difco

Laboratories 1963).

25.1.3 Complete media

“YEP” based media comprised 2% Bacto™ Peptone and 1% Difco Bacto™ Yeast
Extract in water. “YEPD” also contained 2% glucose that was added prior to
autoclaving. “YEPGE” contained 3% glycerol and 2% pure ethanol. The

glycerol was added prior to autoclaving, the ethanol just before the media

was inoculated.

2.5.1.4 Yeast sporulation medium

Fogel’s sporulation medium was prepared as in (Sharman et al. 19806)

The ingredients are given w/v, made up in water:
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Potassium acetate 1%, yeast extract 0.1%, glucose 0.05%, agar 2%.
The medium was supplemented with only those amino acids etc. required for
auxotrophic complementation, and only with 25% of the amount used in

defined growth media.

2.5.1.5 Solid media

Agar plates were prepared by including 2% Bacto™ agar by weight in the
appropriate liquid medium before autoclaving. After partial cooling the
media supplements such as amino acids were added as required.
Approximately 20 ml medium per 8 cm plate was poured into plates once it
had cooled enough to be hand-held. Once set and cool, plates were stored at 4

°C in at least partial darkness until required.

2.5.2 Media supplements

2.52.1 Amino acids

Defined minimal media were supplemented with the amino acids and bases
required for a particular cell type to grow. Where indicated, a cocktail of
amino acids and base substances was added to the solid and liquid YNB media
to produce “SC-leu”, synthetic complete medium without leucine, that was
suitable for growing all the leucine auxotrophs used. The additions beyond

strict requirements also promote more rapid growth.

Stocks of individual amino acids were made at 100 times final medium
concentration in water. After autoclaving at 115 °C for 15-20 minutes, these
stocks were stored at room temperature (Sharman et al. 1986) and renewed
approximately each month. All the amino acids were purchased as the L-
enantiomer in analytical grade, except the fluorinated amino acids which

were purchased as the racemic mixture.
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The 100 times stock SC-leu cocktail is described below, in percent
proportions w/v. These are based variously on the free amino acid, the
hydrochloride, or the sodium or potassium salt as available. The quantities
are in such excess that more precise definition is unnecessary, although the
same preparation of each ingredient was always used. The mixture was
prepared by weighing the compounds into an autoclavable bottle and
dispersing in water before autoclaving at 115 °C for 15-20 minutes. The stock

was used “as is” without control of the pH.

Adenine 0.2 Arginine 0.2 Aspartate 1
Glutamate 1 Histidine 0.2 Isoleucine 3
Lysine 0.3 Methionine 0.2 Phenylalanine 0.5
Serine 3.5 Threonine 2 Tyrosine 0.3
Uracil 0.2 Valine 1.5

This mixture was fully dissolved only for a few days after autoclaving though
subsequent precipitation had no effect on cell growth (Kingsman et al,

Oxford, personal communication).

Stocks of individual compounds were made at the concentrations shown for
that amino acid in the table above. Not shown are Tryptophan and Leucine
which were always prepared as 0.2 % (100x) single-compound stocks. The SC
cocktail can not be used where leucine is to be added to the medium since the
mixture forms leucine-uptake inhibitors on autoclaving. This renders the
preparation ineffective for leu complementation (Kingsman et al, personal
communication). Tryptophan is readily oxidised and the stock renewed more

frequently than the other compounds.
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2522 5-fluorotryptophan

S-fluorotryptophan was obtained either from Aldrich Chemical Co. or from
Sigma Chemical Co. and used without further purification. The powdered
material was dissolved into water some hours before use. The solution
contained some black insoluble matter that was removed by filtering through
a Sy pore-size membrane filter. The solution was made up to 0.4 % w/v and
then sterilised in 50 ml aliquots by filtration through a sterile 0.2y pore-size

membrane filter into a sterile 50 ml plastic tube.

2523 Glyphosate

Technical grade glyphosate was obtained as a generous gift from the
Monsanto Company, Inc., St. Louis, Missouri, through Dr. Gary Jacobs. It was
stored desiccated at room temperature and the stock solution prepared just
before use. Glyphosate was dissolved in 1M sodium hydroxide solution to a
final concentration of 20% w/v and then sterilised by filtration through a

0.2u pore-size membrane filter.

2.5.3 Storage of yeast

Yeast were prepared for long-term storage by overnight (16-20 h) growth at
30 °C of a single colony in 1 ml of YEPD in a small plastic screw-capped tube.
An equal volume of sterile glycerol was added before vortex mixing and

storing the tube at =70 °C.

Yeast were recovered from glycerol by removing some of the frozen mixture
and using it to inoculate an appropriate agar plate which was incubated at 30
°C. When this preliminary plate had grown, a single colony was then

restreaked onto a fresh plate for use.

21



Agar plates were used to maintain populations of single yeast colonies that
were used for growing yeast for the experiments. New plates were prepared
approximately each month from the previous plates. Yeast were freshly

obtained from the glycerol stocks approximately each six months.

2.54 Incubation

Yeast were grown aerobically at 30 °C in glass conical flasks with
polyurethane foam bungs to maintain sterility. The cultures were shaken to
maintain aerobiosis either in an orbital incubator or on a reciprocating
shaker. 50 and 100 ml cultures were grown in 250 ml flasks, 500 ml cultures

in 2 litre flasks, and 1 or 2 litre cultures in 5 litre flasks.

2.5.5 Cell counting

The cell densities of liquid cultures were determined directly in a

hemacytometer counting chamber.

2.5.5 Transformation

Yeast transformations were performed using a protocol derived from Hinnen
et al. (Hinnen et al. 1978). All the solutions were sterilised by autoclaving.
Autoclaved plastic vessels were used throughout for the steps after
harvesting. The polyethylene glycol used for resealing the spheroplasts was
known as PEG-4000 but it has since been shown to have a lower average
molecular weight of 3350 (Sigma Chemical Co. product P3640 product
information). The steps involved were as follows, and all are at room

temperature.

A single colony of yeast was taken from a freshly-restreaked YEPD agar plate and

grown overnight in 50 ml YEPD medium. This preculture was used to
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inoculate 100 ml YEPD medium at 104 cells per ml. This culture was grown

overnight until the cell density had increased to no more than 1.5 x 107

per ml, typically 0.7 x 107.

The culture was harvested by centrifugation (5 min, 2000 g benchtop centrifuge)
in two sterile plastic 50 ml tubes, and each pellet washed in 10 ml 1M
sorbitol before pooling and resedimenting. The cell pellet was resuspended
into 10 ml 1M sorbitol and 0.2 ml Glusulase™ added to digest the cell wall.

The cells were incubated at 30 °C for one hour with occasional agitation.

The degree of spheroplast formation was checked by comparing cell counts of 10
ul of cell suspension resuspended either in 1M sorbitol or in water. The
spheroplasting process was halted when 80 to 90% or more of the cells

had been converted to spheroplasts.

The spheroplasts were harvested by centrifugation (as before) and washed twice
by resuspension and resedimentation in 10 ml 1M sorbitol. The pellet was
then resuspended in 1 ml of 1M sorbitol containing 10 mM calcium

chloride buffered at pH 7.5 with 10 mM Tris.

The spheroplasts were divided into 100 ul aliquots in 1.5 ml microcentrifuge
tubes. 2 ug circular plasmid DNA (usually 1 to 5 ul of plasmid stock, never
more than 15 pl) was added and gently mixed into the spheroplast
suspension. The mixture was incubated at room temperature for 10 to 20
minutes before adding 1 ml of 44% w/v PEG-4000. The spheroplasts and

PEG-4000 were gently mixed and allowed to stand for 8 to 10 minutes at

room temperature

The spheroplasts were sedimented by spinning briefly (15 to 30 seconds) in a
benchtop microcentrifuge and then resuspended in 1.2 ml 1M sorbitol.

Part of this suspension was used to make serially diluted suspensions of
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spheroplasts in 1M sorbitol, typically using 50 ul in 1 ml to make 1/20,
1/400 dilutions.

The transformed spheroplasts were regenerated into whole cells by incubating
them in a selective (leu deficient) agar containing 3% w/v agar and 1M
sorbitol to prevent osmotic shock. Auxotrophic growth supplements were
added individually once the autoclaved agar had cooled to 50 °C. Control
plates were prepared by adding leucine to the agar before mixing with
spheroplasts. 1.0 to 1.2 ml of neat or diluted spheroplast suspension was
then mixed with 18 to 20 ml of molten regeneration agar at 50 °C and

poured into a Petri dish to cool.

Once cool, the plates were incubated at 30 °C for several days during which time
yeast colonies would form in the agar. The control plates were examined to
confirm that the spheroplasts had survived satisfactorily and to gauge the
likely time of colony appearance in the selective media, usually a day later

than the control plates.

Transformants were picked out of the regeneration agar, restreaked onto
selective media and grown to give single colonies. Several transformants
were usually stored immediately as glycerol stocks and characterised to
confirm that the transformation had been functionally successful. After
initial characterisation, one transformant clone was chosen for subsequent
experiments and more glycerol stocks of that clone prepared for routine

use.

I am extremely grateful to Sian Davies for succeeding in transforming BJ2168

with pKV43 and pBF72 at a critical time when [ inexplicably could not.
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2.5.6 Yeast crossing

Yeast crossing to produce a strain aro3, aro4, leu was attempted by making a
diploid strain from the haploids AH22 (a, his, leu) and RH1319 (e, aro3, aro4)

and then sporulating the diploid.

The diploid was prepared by mixing a large loopful of each yeast together on
a fresh YEPD plate and incubating the plate overnight at 30 °C. The yeast mix
was depleted of haploids by repetitively growing single colonies on
unsupplemented selective YNBD medium so that only the diploids would

thrive.

Spores were prepared by transferring growing diploid yeast to Fogel’s
sporulation medium. The sporulation medium was incubated for 3 to 5 days,
during which time the distinctive spore-containing asci structures formed and
could be seen under the microscope. The asci spontaneously broke apart to
release the spores, which could also be seen under the microscope, after a few

days more incubation.

The random spore mixture was restreaked onto YEPD for single colonies and
replica plated onto selective media designed to identify colonies of haploid

yeast arising from the desired aro leu phenotype.

Unfortunately, the cross appeared to be sterile or the spores were of very low
viability and no appropriate haploid was obtained by this method. The
production of the desired aro leu haploid subsequently became unnecessary
first because of the use of glyphosate as an aromatic amino acid biosynthesis
inhibitor, and later when Gerhard Braus was able to provide a leu derivative

of RH1319, called RH1320, from his laboratory.
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2.6 Perifusion of yeast

Yeast were maintained in a stationary-phase metabolic steady-state by
immobilising them in fine agarose threads and perifusing the threads with a
defined medium at a constant temperature. The medium flow rate was
sufficiently high to be non-limiting with respect to oxygen and glucose
utilisation but not so high as to mechanically compact the threads. With 4 g

cells in a 20 mm NMR tube, this was typically 25 ml per minute.

2.6.1 Cell Harvesting

50 or 100 ml yeast cultures were harvested by centrifugation (S min, 2000 g
benchtop centrifuge) in one or two 50 ml plastic tubes. Centrifugation was
performed in a 4 °C cold room and the pellet(s) put on ice pending

subsequent operations.

1 and 2 litre yeast cultures were harvested after cooling the cultures in their
growth flasks for 30 to 60 minutes in a 4 °C cold room. The media was
transferred to 500 ml nominal volume polypropylene centrifuge pots and
centrifuged at 4 °C in a pre-cooled Beckman JA10 rotor (15 min, 5000 g). The
pellets were then pooled and washed by resuspension and resedimentation

once in chilled water and once in chilled substrate-free perifusion buffer.

Approximately 5 g cells were transferred to each of two 50 ml plastic tubes
and washed twice in chilled substrate-free buffer by resuspension to 30 to 40

ml and resedimentation (S min, 2000 g benchtop centrifuge).

Cells being frozen for later assay or for preparative enzyme extraction were

transferred into 50 ml plastic tubes and frozen at —20 °C.

Pericuson Burrer SO mM mMEs, ZmM KCL, 2aM MsSO,
l-?MM MGCL/ PH 640 af“_ 30.(:.
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2.6.2 Immobilisation in agarose threads

Immobilisation was achieved by mixing cells with low-gelling-temperature
agarose and extruding the mix through a 0.5 mm i.d. tube. This technique has
previously been used with yeast and mammalian cells and was first described

in (Foxall et al. 1984). The protocol used was as follows.

Approximately S g yeast cells were resuspended in about 40 ml chilled substrate-
free buffer and transferred to a clean, dry pre-weighed 50 ml plastic tube.
The cells were sedimented by centrifugation (5 min., 2000 g benchtop
centrifuge) and the supernatant discarded as soon as the centrifugation
was complete. Leaving the pellet under the supernatant leads to variable
water content in the pellet. The inside of the tube was wiped dry and the
tube re-weighed to determine the weight of the packed wet yeast pellet.
Yeast was removed from the tube until exactly 4 g remained. If necessary,
the yeast was collected at the bottom of the tube by mixing with 40 ml

substrate-free buffer and centrifuging as before.

The 4 g yeast in the 50 ml tube was placed in a water bath at 37 °C and allowed
approximately 10 minutes to warm through. The yeast was then mixed
with 4 ml of 1.8% w/v molten low-gelling-temperature agarose (Sigma type
VII product A4018), also at 37 °C. The agarose was prepared by boiling
briefly 0.18 g agarose in 10 ml substrate-free buffer before transferring to
the 37 °C water bath. Mixing was achieved by repeated drawing into and
expelling from a 5 ml syringe, holding the mixture in the palm of the hand

all the while to keep it warm.

The agarose and cell mixture was taken up in 1.5 to 2.0 ml aliquots in a 2 ml
plastic syringe and extruded through a 0.6 mm I.D. 23-gauge needle along
approximately 30 to 40 cm of smooth-bore 0.5 mm L.D. polypropylene

tubing (Portex PP-50). The tubing was immersed briefly in ice-water to gel
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the agarose in the tube and the gel in the tube was extruded into a 20 mm
NMR tube filled with chilled substrate-free buffer. This chilling - extrusion
process was repeated until all of the mixture had been processed into fine
threads. The 2 ml syringe was held in the palm of the hand throughout to

keep the agarose mixture warm and molten.

The agarose threads were compacted gently and slowly under a perforated
vortex plug to a standard depth of 65 mm measured to the bottom of the
NMR tube (wall thickness 1 mm) from the bottom of the vortex plug. This
corresponds to a volume of 16.5 ml, a cell density of approximately 0.25

g/ml that was constant in all experiments.

2.6.3 Perifusion system

Yeast were perifused on especially designed and constructed apparatus that
was intended to hold the yeast at a constant temperature of 30 °C while
recirculating a perifusion buffer through the thread bed at flow rates around
25 to 30 ml/min. The buffer was gassed by sparging and circulated through
gas-impermeable lines to allow the efficient establishment of aerobiosis or
anaerobiosis as required. The apparatus was built to allow the yeast to be
perifused in a 20 mm NMR tube within the bore of an 89 mm (wide-bore)
superconducting magnet. It was possible to sample the medium as it flowed
both into and away from the thread bed to make measurements of the oxygen

consumption across the thread bed.

The medium reservoir was separated from the tube containing the threads by
up to 8 metres of tubing to allow the pumps and other equipment to be kept
at a safe distance from the magnet. Heat exchange to warm the perifusion
medium took place within the bore of the magnet, just prior to the flow

reaching the thread bed. The system was calibrated to ensure the
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temperature in the NMR tube was a constant 30 °C. Oxygen electrode
experiments were used to confirm that nitrogen-sparged oxygen-free medium
pumped through the delivery tubing (1/16” wall thickness Tygon S50-HL
Class V1 polythene) arrived at the NMR tube containing no detectable oxygen

under the experimental conditions.

Experiments were performed with exactly one litre of perifusion medium at
the start of the experiment. Samples of the medium, approximately 1 ml, were
withdrawn from the reservoir at six to eight recorded times over the course of
the perifusion. The sampling interval was approximately 30 to 60 minutes,
depending on the duration of the perifusion. The samples were frozen at ~20
°C until they were assayed, usually one to two days after the perifusion. The
samples were assayed for glucose, ethanol and, if required, ethanal
(acetaldehyde). The assays were used to determine the rates of glucose
utilisation and ethanol production, and the NAD+/NADH ratio from the

ethanol/ethanal ratio (Brindle 1988).

2.6.4 Preparation of cell extracts following perifusion
Perchloric acid extracts of the yeast were made as follows.

The NMR tube was rapidly removed from the perifusion apparatus. The vortex
plugs and cotton wool were removed quickly and all the threads, together
with any residual perifusion buffer, cast into a porcelain mortar
thoroughly pre-cooled with liquid nitrogen. Liquid nitrogen was poured
into the mortar and the threads were spread around to aid rapid freezing
on the pestle and mortar surfaces. This whole process typically took ten
seconds. The frozen threads were then ground, with the addition of more
liquid nitrogen as required, until the threads were reduced to a fine

powder.
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The powder was covered in liquid nitrogen once more and 5 ml of 3M perchloric
acid added dropwise to the mortar. The frozen droplets of PCA were
ground into the powdered agarose threads and the whole carefully

transferred by spatula into a 50 ml plastic tube.

The frozen powder was allowed to thaw to a slush before the tube and contents
were frozen in liquid nitrogen once more, and thawed again. The freeze-

thawing process was repeated one more time.

The thawed suspension was centrifuged at room temperature for ten minutes at
2000 g in a benchtop centrifuge. The supernatant was transferred to a
clean tube along with a few ml of water used to wash the surface of the
pellet. 0.2 g disodium EDTA was added to the mixture before subsequent

neutralisation.

The pH of the crude extract was adjusted to approximately 6 with cold SM
potassium hydrogen carbonate solution. The potassium chlorate that
forms during the neutralisation precipitated out and could be removed by
benchtop centrifugation as before. This crude extract could be frozen in
liquid nitrogen overnight if required. Overnight freezing had the added
benefit of improving the precipitation of insoluble material that could be

removed by centrifugation once thawed.

The supernatant from the neutralised extract was transferred to a clean 50 ml
plastic tube and mixed with 3 to 4 ml of Chelex™ mixed ion exchange resin
to remove paramagnetic metal ions that would compromise subsequent
NMR experiments. After standing for a few minutes, the extract was
centrifuged briefly (1 min, 2000 g) to sediment the Chelex™ resin. The
supernatant was transferred to a 250 ml round-bottomed flask for shell-

freezing in a bath of liquid nitrogen. The Chelex™ resin was washed twice
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by resuspension and resedimentation in 20 ml water. The washings were

added to the flask for freezing.

The extract was shell-frozen, around the wall of the 250 ml flask, by spinning the
flask on the surface of a bath of liquid nitrogen. The frozen extract was

then freeze-dried and stored frozen at -20 °C until reconstituted.

2.7 Assays of enzymes and metabolites

Enzyme assays were performed on fresh cell extracts made by mechanical
disruption of the yeast cells. Metabolites were determined in perchloric acid
extracts of cells. Activities and concentrations are reported throughout as the
amount per ml of cell water or equivalently as the average concentration in
the cell water, calculated on the basis that 1.67 g of packed wet-weight yeast

contained 1.0 ml cell water (Gancedo and Gancedo 1973).

2.71 Cell harvesting

50 or 100 ml cultures were harvested by benchtop centrifugation (5 min,
2000 g). The cell pellets were put on ice and washed twice by resuspension in

and resedimentation from chilled extraction buffer.

2.7.2 Cell preparation and disruption

A standard cell disruption procedure was used for all assays. The extraction
buffers used are described with the assay protocols. The disruption protocol

is described below.

Approximately 100 to 200 mg of washed yeast (a small spatula tip) was

transferred to a clean, dry, pre-weighed 2 ml microcentrifuge plastic tube,
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mixed with approximately 1 ml chilled extraction buffer and centrifuged

in a benchtop microcentrifuge (5 min., 15000 g)

The supernatant was removed as soon as possible to help give consistency of the
pellet water content, and any residual droplets wiped from the tube walls.
The tube was re-weighed and the increase in weight ascribed to the wet-
weight of the yeast in the tube. 5 yl of chilled extraction buffer were added
for each mg of yeast and the yeast was resuspended by vortex mixing

before placing on ice.

200 ul of the yeast suspension was transferred to another clean, dry 2 ml
microcentrifuge tube. 0.5 to 1mm diameter glass beads were added to the
meniscus of the yeast suspension. The beads were pre-cooled to 4 °C to

prevent them warming the suspension.

The yeast - bead mixtures were then vortexed, up to eight tubes at a time with a
vortex adapter, for 2 minutes before returning to ice. Effective vortexing
was indicated by the glass beads rising up the tube wall at least half way,

which did not occur if too few or too many beads were present.

The disrupted cell suspension was separated from the beads by piercing the
bottom of the tube with a drawing pin and using a syringe plunger in the
tube to push the liquid through into a clean plastic microcentrifuge tube.
The cell debris was removed from the extract by centrifugation in a
benchtop microcentrifuge (5 min, 15000 g). Usually, 50 ul of the
supernatant was removed and diluted with 950 ul extraction buffer to give
a 1/20 extract that was used for subsequent dilution and assay. The
extracts were kept on ice. Subsequent calculations were based upon the

undiluted extracts being yeast cell water diluted 1 in 10.02 (6 x 1.67).
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2.7.3 Enzyme assay protocols

All enzyme assays that employed the production or utilisation of B~-NAD(P)H
as an indicator reaction were analysed on the basis that the extinction
coefficient at 340 nm, €340, of B-NAD(P)H was 6.22 at all the pH, ionic
strength and temperature combinations used. This introduces only a very

small error, less than 1%, to the subsequent calculations (Bergmeyer and

Gawehn 1978).

The extracts were diluted so as to cause a change in the A340 of
approximately 0.02 to 0.2 OD units per minute, and the reactions were
followed over a time course of several minutes. The rate was determined by
reference to the slope of the reaction progress curve at its earliest part. In
practice, the reaction conditions used meant that the reactions proceeded

linearly for more than a minute.

2.7.3.1 3-phosphoglycerate kinase, PGK

3-Phosphoglycerate kinase (PGK, EC 2.7.2.3) was determined via the coupled
reaction with glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC
1.2.1.12). The assay was performed in the backward ADP-forming direction
using GAPDH as a “following” indicator reaction since there are complications
in following the kinetics of the forward reaction (Bucher 1947; Bucher 1955;

Bergmeyer and Gawehn 1978).

GA3-P + NAD* + Pj €2 1,3-BPG + NADH + H*
(GAPDH)

1,3-BPG + Mg.ADP ¢ Mg.ATP + 3-PG
(PGK)

Provided that the GAPDH activity is considerably in excess of the PGK activity,
the PGK activity is rate-limiting and can be followed spectrophotometrically

from the decrease in absorbance of the NADH at 340 nm.
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The assay was performed using extracts prepared in an extraction buffer of
50 mM HEPES, 5 mM EDTA, 2 mM DTT at pH 7.5. The assay buffer was 100
mM HEPES, 6.25 mM MgCl2, 0.5 mM EDTA, 2 mM DTT at pH 7.5. The assay
mixture comprised 800 ul of the assay buffer mixed with 200 ul of reagents to
give a 1 ml reaction volume containing 10 mM 3PGA, 4mM ATP, 5SmM MgClp,
0.15 mM NADH, and approximately 5 units of GAPDH.

The GAPDH stock was prepared by diluting 30 ul of the Boehringer rabbit
muscle preparation to 500 ul with assay buffer. The enzyme was supplied in
1.8 M ammonium sulphate, resulting in a carry-through to the cuvette of
some 5.4 mM. The activity was based on the catalogue rather than measured
activity since consistency of the sulphate concentration was more important

than the precise coupling enzyme activity.

The reaction mixture’s absorbance at 340 nm was monitored for a minute in
the absence of any cell extract to confirm that no contaminating reactions
were taking place. The reaction was started by the addition of 10 ul of diluted
cell extract to the cuvette and thoroughly mixing. The small additional

volume of extract was ignored in subsequent calculations of the activity.

2.7.3.2 Glyceraldehyde-3-phosphate dehydrogenase, GAPDH

GAPDH was measured using PGK as a preceding reaction to supply the 1,3-
bisphosphoglycerate. Approximately 15 units of PGK were used in each
cuvette, carrying with it 6.3 mM ammonium sulphate. The other reagent
concentrations and buffer conditions were exactly as for PGK. The same
extract preparation was used to measure both PGK and GAPDH. Two
extraction and assay conditions have thus been used for GAPDH as well as for
PGK, and experiments were performed to reconcile the activities reported in

the two assay systems.
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2.7.3.3 Pyruvate kinase, PK

Pyruvate kinase (PK, EC 2.7.1.40) was assayed in a coupled reaction with

lactate dehydrogenase (LDH, EC 1.1.1.27) as a following indicator reaction,

PEP + ADP — pyruvate + ATP
(PK)

pyruvate + NADH + H* — NAD™ + lactate
(LDH)
The protocol employed followed that of Murcott et al. (Murcott et al. 1991) to
facilitate the comparison of results with other workers in the field. Details of
the extraction and assay protocols were kindly provided by the authors prior

to publication.

Yeast pyruvate kinase is cold-labile, so once the initial cell extract had been

prepared as described above, it was kept not on ice but at room temperature.

The extraction buffer contained 20% v/v glycerol to stabilise the tetrameric
pyruvate kinase. Glycerol is commonly used to stabilise oligomeric proteins in
solution (Scopes 1987; Deutscher 1990). It reduces the water activity and
raises the relative viscosity of the extraction medium to approximately 2, a
value similar to that of cytoplasm (Endre et al. 1983). The extraction buffer
comprised 100 mM Tris, 100 mM KCI, 5 mM EDTA, 2 mM DTT and 20% v/v
glycerol at a pH of 7.5. Protease inhibitors were omitted from the small-scale
extracts used only for assays of total activity in crude cell extracts. This was
thought to be acceptable since all the extracts were performed on a protease
deficient yeast strain (BJ2168) and the assays were performed promptly after

making the extracts.

The assay buffer was pH 6.2 100 mM MES, 125 mM KCl, 20 mM MgCly, 0.25
mM EDTA and 2 mM DTT. The reaction mixture comprised 800 ul of assay
buffer and reagents to a total volume of 1 ml containing 6 mM ADP, 6 mM

PEP, 0.25 mM NADH, and approximately 2 units of LDH. To avoid interference
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from sulphate ions, the LDH stock used was a preparation of about 2000 units

per ml in glycerol (Sigma product L2518).

This assay protocol does not employ fructose-1,6-bisphosphate as an
activator, unlike some other published protocols (Roschlau and Hess 1972),

since at the high ADP concentrations used the activity is already near-

maximal.

The reaction mixture’s absorbance at 340 nm was monitored for a minute in
the absence of any cell extract to confirm that no contaminating reactions
were taking place. The reaction was started by the addition of 10 ul of diluted
cell extract to the cuvette and thoroughly mixing. The small additional

volume of extract was ignored in subsequent calculations of the activity.

2.7.4 Metabolite assays

2.7.4.1 Fructose-1,6-bisphosphate (FBP), dihydroxyacetone phosphate (DHAP)
and glyceraldehyde-3-phosphate (GA3P)

A three-part protocol (Bergmeyer and Gawehn 1978) was followed to
determine FBP, DHAP and GA3P in the same reaction. The conversion of DHAP
to L-glycerol-3-phosphate (G3P) by glycerol-3-phosphate dehydrogenase
(G3PDH, EC 1.1.1.8) was used as an indicator reaction by monitoring the

decline in [NADH]-dependent absorbance at 340 nm.

DHAP + NADH + H* €G3P + NAD+
(G3PDH)
Addition of triosephosphate isomerase (TIM, EC 5.3.1.1) once the DHAP in the
sample is depleted allowed the determination of glyceraldehyde-3-phosphate
(GA3P) by its conversion to DHAP and subsequent reduction by the glycerol-

3-phosphate dehydrogenase indicator reaction.
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GA3P € DHAP
(TIM)

Likewise, subsequent addition of aldolase (EC 4.1.2.13) allowed FBP to be

determined by its conversion to DHAP and GA3P.

FBP € GA3P + DHAP
(aldolase)

The protocol followed is described below.

The reaction buffer recipe has been changed slightly from the Bergmeyer
protocol to allow the same buffer to be used for this and the other sugar
assays. The reaction buffer comprised 250 mM TEA, 10 mM MgCly, 2 mM
EDTA and 1.5 mM DTT at pH 7.6.

850 ul buffer, 50 ul of 4 mM NADH in 5 % NaHCO3 and 100 ul sample were

mixed in a 1 ml cuvette.

The absorbance at 340 nm (“Al1”) was monitored for a minute to ensure no
contaminating reactions were taking place. 0.2 units of G3PDH in 10 ul
were added, mixed, and the reaction monitored until a new constant

absorbance value (“A2”) was reached, typically after 10 minutes.

One unit of TIM in 10 ul was added, mixed, and the monitoring process repeated.
The absorbance typically reached a new steady value (“A3”) in five
minutes. 0.1 units of aldolase in 10 ul were then mixed into the reaction
mixture. A new steady absorbance value (“A4”) was reached after

approximately ten minutes.

The absorbance changes at each stage were used to calculate the
concentrations of DHAP (Al - A2), GA3P (A2 - A3) and FBP (A3 - A4). The
calculation allowed for the fact that each FBP molecule gives rise to two

glycerol-3-phosphate molecules, using two NADH in the process.
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2.74.2 Fructose-6-phosphate (F6P) and glucose-6-phosphate (G6P)

FO6P and G6P were assayed in the same reaction by a protocol from

(Bergmeyer and Gawehn 1978).

The indicator reaction is the conversion of glucose-6-phosphate to 6-
phosphogluconolactone by glucose-6-phosphate dehydrogenase (G6PDH, EC
1.1.1.49).

G6P + NADP* €= 6-phosphogluconolactone + NADPH + H+
(G6PDH)

The phosphogluconate degrades to 6-phosphonogluconate spontaneously in

water, driving the reaction to completion.

F6P was determined after the G6P by the addition of phosphoglucose
isomerase (PGI, EC 5.3.1.9).

FO6P € G6P
(PGI)
The reaction volume of 1 ml comprised 850 ul of the sugar assay reaction buffer

(see above), 50 ul sample and 100 ul of reagents. The assay contained 0.4
mM NADP+ and 5 mM MgCly.

The absorbance of the mixture at 340 nm was monitored for a minute to ensure
that no contaminating reactions were taking place. The absorbance was

noted (“Al”) before the addition and mixing in of 0.5 units G6PDH in 10

ul.

The absorbance was allowed to reach a new steady level (“A2”), which took
approximately 10 minutes. One unit of PGI in 10 ul was added and mixed
in to catalyse the conversion of F6P. The absorbance value was allowed to

reach a new steady level (“A3”) which took approximately 20 minutes.
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The G6P concentration in the sample was proportional to the first absorbance

change, Al - A2, and the F6P to the second, A2 - A3.

2.7.4.3 3-phosphoglycerate

Samples were assayed for 3-phosphoglycerate (3PGA) using a protocol by
Bergmeyer (Bergmeyer and Gawehn 1978).

Because intracellular 3PGA concentrations are typically very low, two

successive indicator reactions are used to improve the assay sensitivity.

3PGA + ATP € 1,3-BPG + ADP
(PGK)

1,3-BPG + NADH + H* €GA3P + Pj + NAD+
(GAPDH)

GA3P <> DHAP
(TIM)

DHAP + NADH + Ht €=glycerol-3-phosphate + NAD*
(G3PDH)

The reaction mixture comprised 700 ul of sugar assay buffer (see above), 50 ul
sample (containing no more than 50 uM 3-PGA) and reagents to 1 ml total
volume. The mixture contained 200 uM NADH, 7 mM ATP, 4 units GAPDH,
25 units TIM, 1 unit G3PDH and 20 units PGK.

The assay was performed by mixing all the reagents except the PGK and
monitoring the absorbance at 340 nm for a several minutes. The
absorbance value declined slightly over this period. The assay reaction was
started by the addition of the 20 units PGK in 10 yl and mixing
thoroughly. The absorbance was monitored for a further ten to twenty

minutes, until a new steadily but slowly declining rate was achieved.

The progress curve was extrapolated back to the time of the addition of the PGK

to the reaction mixture. The extrapolated difference in the absorbance
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values was used to determine the amount of NADH utilised and thus
calculate the quantity of 3PGA in the sample, taking into account that two

NADH were utilised for each 3PGA in the sample.

2.7.4.4 Glucose

Glucose assays were performed using an assay kit from Sigma Chemical Co.,

Sigma Diagnostics Procedure No. 510.

The assay was based on the glucose oxidase (GOD, EC 1.1.3.4) reaction

coupled to a peroxidase (POD, EC 1.11.1.7) indicator reaction.

Glucose + 2 HpO + O ¢ Gluconic acid + 2 H09

(GOD)
H202 + reduced dye ¢ oxidised dye + H20
(POD)
(colourless) (brown)

The dye used in the kit was o-dianisidine dihydrochloride, and the stock
solution was made by rehydration of material supplied in the kit. The
concentration of the brown oxidised dye is proportional to the glucose
concentration in the original sample. The brown dye can be quantitated by
measuring the optical absorbance at 425 nm against a blank sample

containing water in place of the sample or standard solution.

The assay was calibrated each time it was used by constructing an absorbance
vs glucose concentration curve from samples of known glucose concentration.
The 5.55 mM standard glucose solution used was supplied in the kit. Five
standards in the range O to 5.55 mM glucose were used to construct the
calibration curve, and all samples were diluted if necessary to lie within this
range. Typically, the samples of reservoir buffer from a perifusion experiment

were diluted 1 in 10 in water.
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2.74.5 Ethanol

Ethanol was assayed using alcohol dehydrogenase (ADH, EC 1.1.1.1) as an
NAD+-linked indicator reaction. The reaction equilibrium lies heavily in the
direction of ethanol and NAD+, so semicarbazide is used to trap the ethanal

produced and pull the reaction to completion.

CH3CH20H + NAD* < CH3CHO + NADH + H*
(ADH)

[H+].[NADH].[CH3CHO] / [NAD*].[CH3CH20H] = 1.19 x 10-11 at 30°C.

The reaction buffer was 75 mM sodium pyrophosphate, 75 mM
semicarbazide-HCl and 25 mM glycine, at pH 8.7. The reaction mixture was
prepared by mixing 4.8 ml buffer, 100 ul sample, 100 ul 25 mM NAD+ (final
concentration 0.5 mM NAD+), and approximately 240 units of ADH in 20 ul
water (1 mg of Boehringer lyophilised preparation). The samples were
perifusion reservoir buffer diluted in water 1 in 2 (early time points) to 1 in
10 (late time points) as appropriate. The reaction mixture was incubated in
the dark for approximately 70 minutes, until the reaction was essentially

complete.

The NADH concentration in the sample was determined by measuring the
absorbance of the reaction mixture at 340 nm against a blank reaction
mixture prepared with water instead of sample. The final concentration of
NADH in the reaction mixture was taken to equal the starting ethanol
concentration of the sample. The reaction volume was taken to be 5 ml,

ignoring the 20 ul of ADH added to start the reaction.

2.74.6 Ethanal (acetaldehyde)

Ethanal was determined using the alcohol dehydrogenase reaction described
in the ethanol assay. The reaction equilibrium lies heavily in favour of

ethanol production (Brindle 1988, and references therein), so the reaction
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can be performed in a simple buffer (50 mM HEPES, pH 7.5) without product-
trapping reagents. The reaction mixture of 1 ml contained 0.5 ml sample,
approximately 120 units of ADH (0.5 mg Boehringer lyophilisate) and 0.2 mM
NADH.

Samples were typically undiluted perifusion reservoir buffer, containing more
ethanol than ethanal. The equilibrium position lies so far toward ethanol
production ([EtH]/[EtOH], at pH 7.2 = 1.89 x 10-4) that the presence of the c.
25 mM ethanol in the sample does not interfere with the determination of the

c. 0.1 mM ethanal in the sample.

The reaction was followed at room temperature by monitoring the decline in
absorbance at 340 nm as the reaction proceeded to completion, in
approximately 30 minutes. The change in NADH concentration was taken to

equal the ethanal concentration in the sample.

2.74.7 Oxygen

Oxygen was measured by a polarographic technique with a Clark-type
electrode produced by the Yellow Springs Instrument Co. (YSI 5331 oxygen
probe). This system comprised concentric platinum cathode and silver anode
bridged by an alkaline saturated potassium chloride solution and surrounded

by a Teflon™ membrane.

According to the information from the manufacturer’s data sheet, the
electrode current was simply proportional to the dissolved oxygen

concentration under the conditions in which it was used.

The electrode was used to measure oxygen in a stream of the yeast perifusion
buffer before and after flowing through the cell bed. The electrode generates
a current linearly proportional to the oxygen consumption of around 0.003

pA in nitrogen, 0.3pA in air and 1.6 pA in pure oxygen. This current was
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amplified and displayed on an arbitrary scale. The amplification of the small
currents involved gave rise to a slightly noisy signal, limiting the accuracy of
measurement to about five per cent. Measurements were made at the air-
conditioned temperature of approximately 20 °C, assuming air-saturated
water contained 0.279 ymol dioxygen per ml under typical atmospheric

pressure and at 20 °C (Gnaiger and Forstner 1983).

The oxygen consumption of the yeast in the perifusion system (2.4 ml cell
water in 4 g cells) was thus calculated from the electrode readings of inlet
and outlet buffers and of air-saturated water, and knowledge of the flow rate

(ml per second) of the perifusion buffer through the cell bed as follows

(In-Out)/Water x 0.279 x Flow x 1/2.4 umol 02.s71.(ml cell water)-1

2.7.4.8 Protein

Protein concentrations were determined using a kit from Bio-Rad
Laboratories. The assay is based on that developed by Bradford (Bradford
1976) in which protein binds under acidic conditions to Coomassie Brilliant
Blue G-250 dye and causes a change in the absorbtion maximum of the dye
from 465 to 595 nm. The assay is relatively insensitive to interference from
non-proteins in the sample, but it does give slightly different responses to
different protein species. All protein assays were performed by reference to a
calibration curve constructed from assays of known concentrations of bovine
serum albumin, BSA. The BSA standard was supplied as part of the kit and a
new calibration curve was constructed each time an assay was performed.
Samples were diluted in water to bring them into the appropriate protein
concentration range for the assay if necessary. None of the samples contained

reagents reported as interfering with the assay.
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2.8 Enzyme purification

Enzyme purifications were adapted from the literature to take account of the
different starting material available. Modifications were necessary because
this work was concerned with isolating protein from yeast cells that were
relatively difficult and expensive to prepare compared to traditional

commercial yeast sources such as pressed yeast cake.

The modifications required scaling the protocols down to work with smaller
starting quantities of yeast that were expressing a higher proportion of the
target protein. The protocols used here also place a greater emphasis on the
choice of cell strain and disruption protocols to avoid proteolytic artefacts in
the target protein, something that has been notoriously difficult with
pyruvate kinase in particular (Murcott et al. 1991). Later preparations were
carried out with a yeast strain deficient in general degradative proteases
(BJ2168, pep4, prb, prc) which greatly helps overcome proteolysis problems.
Some changes in the detailed materials specified were also necessary to take

account of availability.

All the modifications and optimisations were made with reference to standard
works in protein purification (Scopes 1987; Deutscher 1990), and I am
particularly grateful for advice from Terry Butters and Jean Rotsaert, both of

the Monsanto Glycobiology Unit, Oxford.

2.8.1 Cell Harvesting, storage and disruption

Yeast were harvested from one or more 1000 ml cultures by centrifugation

(15 min., 5000 g in a Beckman JA10, 4 °C) and washed by resuspension and
resedimentation in water once or twice and then the cell pellets were stored
in 50 ml plastic tubes, frozen at -20 °C until required. This was often several

months later, since it took many weeks to grow sufficient yeast for a
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preparation using the minimal-medium method used in the early part of this

work (see Chapter 3). Typically, approximately 50 to 100 g yeast formed the

starting material.

The cell pellets were thawed and washed twice by sedimentation and
resuspension in chilled extraction buffer. The extraction buffer composition is
given with each protein protocol. The glass beads used were pre-chilled to
-20 °C and approximately 0.5 to 1.0 mm in diameter when new. Repeated use
grinds the beads to a smaller size, and they were replaced when visibly worn.
Glass beads were washed in conc. nitric acid and then copious amounts of

water before each use. The washed cells were processed as follows to prepare

a basic yeast extract.

A cell slurry was made by mixing 2 parts v/v of extraction buffer with one of wet

yeast pellet. The extraction buffer at this stage already contained DTT and

protease inhibitors as appropriate.

Approximately 50 ml of cell suspension was transferred to a 6 cm diameter 250

ml nominal volume wide-necked polythene container. Glass beads were
added almost to the meniscus of the cell suspension. The slurry, about 6
cm deep, in the plastic container was placed in a small ice bath. The

subsequent operations were performed behind a Perspex™ safety screen.

A two-blade plastic impellor (Deansgate Model Shop, Manchester) approximately

45 mm in diameter was inserted in to the cell - bead slurry on a stainless
steel drive shaft connected to a Black & Decker variable-speed power drill.
The impellor was driven at approximately 2000 rpm in the direction

causing the beads to be pushed downwards.

The cells, still in the ice bath, were mechanically disrupted by rapid stirring with

the impellor for two 3 minute periods with a 4 minute rest period on ice
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between. It had been determined by experiment that this releases at least

9S % of the PGK measured in the small-scale extracts described earlier.

The cell extract was separated from the glass beads by filtration through a
stainless steel gauze in a filter. The filtrate was collected directly into a
centrifuge pot in an ice bath. Residual extract was washed from the beads
with a further two volumes of chilled extraction buffer. The beads were

mixed again with more cell suspension as required.

The disrupted cell extract was centrifuged (15 min., 14000 g, JA14 rotor, 4 °C) to
remove crude cell and bead debris and the supernatant centrifuged again

(60 min., 30000 g, 4 °C) to remove any remaining debris.

A neutralised solution of 100 mg/ml protamine sulphate was added to the
supernatant in a conical flask on ice. Approximately 20 mg protamine
sulphate were added per gram of yeast in the starting material. The
mixture was swirled occasionally (i.e. not stirred with a magnetic stirrer)
on ice for 30 minutes. The protamine-nucleic acid complex was
precipitated by centrifugation (30 min., 14000 g JA14 rotor 4 °C). This
relatively large quantity of protamine was added to precipitate the large
quantity of highly sheared nucleic acid material that is released when

yeast are mechanically disrupted (Scopes 1987).

The supernatant was decanted into a measuring cylinder to determine its volume
and then returned to storage on ice, or at room temperature for PK

purifications. This was considered to be the basic yeast extract from which

PGK or PK would be purified.
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2.8.2 Phosphoglycerate kinase, PGK

Phosphoglycerate kinase was purified from the basic extract essentially as by
Fifis and Scopes (Fifis and Scopes 1978). The material was kept on ice
throughout the procedure until the column steps and all centrifugations were

at 4 °C.

The extraction buffer used was pH 7.5 50 mM sodium phosphate, 5 mM EDTA, 1
mM 1,10-phenanthroline and 2.5 mM dithiothreitol (DTT). A cocktail of
protease inhibitors was also added. The cocktail provided Pepstatin A to 1-
2 uM, E64 to 10 uM and 3,4-DCI to 100 uM concentration in the extract.
PMSF, which has been widely used, was omitted from the cocktail since it
is relatively inefficient and its action is reversed by the reducing agent
DTT. Note that in the crude extract, the chelating agents are fulfilling an
anti-metalloproteinase function and are not merely duplicating the anti-

oxidative function of DTT.

The extract was brought to 50 % saturation with ammonium sulphate (enzyme
grade, low in heavy metals) by the slow addition of 314 grams of solid
powdered ammonium sulphate per litre of extract. The mixture was stirred
vigorously throughout the addition and for a further 30 minutes before
centrifuging (30 min., 15000 g). The pH was adjusted to 7.5 again if
necessary after the addition of the ammonium sulphate with 2M Tris base

solution or 2M MES acid solution as appropriate.

The volume of the supernatant was measured and then the supernatant was
brought to 75 % saturation with ammonium sulphate by the slow addition
of 171 grams solid powdered ammonium sulphate per litre of extract. The
pH was re-adjusted to 7.5 if necessary, and the mixture stirred on ice for

30 minutes before centrifuging as before.
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The PGK-rich pellet was put on ice and the supernatant adjusted to pH 4.3 with
cold 5M lactic acid solution, pH 3.5. After stirring for 30 minutes, the
mixture was centrifuged as before if there was any indication of a further
precipitate. The pellets were combined and processed further if required
as follows. Subsequent operations were carried out at approximately 20 °C

until the final step.

The ammonium sulphate pellet was redissolved into approximately 100 ml of 10
mM MES, 2 mM DTT adjusted to pH 6.0 with 2M Tris base. The solution
was filtered through a 5 ym pore membrane filter, then desalted by
passage at 10 ml per minute down a 50 mm diameter 240 mm bed height
column of Pharmacia Sephadex™ G-50 M equilibrated with the same
buffer. As with subsequent column steps, the eluate flowed through a 280
nm UV detector and on to a fraction collector. Fractions containing more

than approximately 1 mg protein per ml were collected and pooled.

The pooled protein was filtered through a 5 ym pore membrane filter, diluted
with the elution buffer to a concentration of 5 to 10 mg per ml and then
run on to a 26 mm diameter 300 mm bed height weak cation exchange
resin. This was a column of a porous polymer carboxymethyl-substituted
ion exchange resin, TSK Fractogel™ CM-650. This column was operated at
a flow rate of 2 ml per minute. The column was previously equilibrated in
the same buffer. Under these conditions the PGK protein bound to the
resin and other proteins were washed through in a further 150 ml (one

column volume) of the starting buffer.

The column was washed with one column volume of a pre-elution buffer of 10
mM MOPS, 3 mM potassium acetate and 2mM DTT adjusted to pH 7.0 with

2M Tris. This releases some further protein but only a little PGK. The ionic
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strength and pH of this buffer are designed to be the same as that in the

next step.

The PGK was eluted by an affinity process from the column with two column
volumes of 10 mM MOPS, 0.5 mM 3-phosphoglycerate, 2 mM DTT adjusted
to pH 7.0 with 2M Tris. Since the pH and ionic strength are unchanged, the
process should be specific for 3-phosphoglycerate-binding proteins, i.e.

PGK.

Fractions containing at least 1 mg protein per ml were pooled and precipitated
by bringing the solution to 75 % saturation in ammonium sulphate by the
slow addition of 515 grams solid powdered ammonium sulphate per litre
of solution. The pH was readjusted to 7.0 if necessary and the mixture

stirred for 30 minutes before centrifuging (30 min., 15000 g).

The pellet was resuspended in a minimum volume, typically 10 to 15 ml, with 50
mM HEPES, 5 mM EDTA, 2 mM DTT at pH 7.5. The mixture was filtered
through a 5 ym pore size membrane filter and then loaded onto a 26 mm
diameter 900 mm bed height gel filtration column. The column was
packed with an inert porous polymer resin, TSK Fractogel™ HW50-S, which
has a bead size 25 to 40 ym and an effective relative molecular weight
fractionation range of 1000 to 80000. The column was eluted at a flow
rate of 0.5 ml per minute. PGK was by far the largest peak eluting from the
column, and fractions containing more than approximately 1 mg protein

per ml were collected and pooled.

The purified PGK was concentrated at 4 °C in 200 and then 50 ml Amicon stirred
ultrafiltration cells with a YM30 low-protein-binding 30 kDa nominal
exclusion weight membrane until it reached a concentration of around 25
to 30 mg per ml. For longer term storage, this solution was brought to

approximately 75 % saturation in ammonium sulphate by the slow
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addition of 0.5 g solid powdered ammonium sulphate per ml of solution

and then stored at 4 °C.

2.8.3 Pyruvate kinase

Pyruvate kinase was purified from the basic yeast extract essentially as by
Murcott et al., a protocol specifically developed for the efficient purification
of PK from a highly expressed recombinant system (Murcott et al. 1991). The
protocol was kindly made available by the authors prior to publication. All

procedures were carried out at room temperature.

The extraction buffer used was 100 mM Tris, 100 mM KCl, S mM EDTA, 2 mM
DTT and 20% v/v glycerol at a pH of 7.5.

The extract was brought to 40 % saturation in ammonium sulphate by the slow
addition of 243 grams solid powdered ammonium sulphate per litre of
extract. The pH was readjusted to 7.5 if necessary with 2M Tris base. The
solution was allowed to equilibrate while stirring for a further 30 minutes

before centrifuging (30 min., 15000 g).

The pellet was discarded while the supernatant was brought to 60 % saturation
in ammonium sulphate by the slow addition of 130 grams solid powdered
ammonium sulphate per litre of extract. The pH was readjusted to 7.5 if
necessary with 2M Tris base. The solution was allowed to equilibrate while

stirring for a further 30 minutes before centrifuging (30 min., 15000 g).

The pellet was resuspended in a minimum volume, typically 50 ml, of 50 mM
Tris, 50 mM KCI, S mM EDTA, 2 mM DTT and protease inhibitors as
described in the basic extraction protocol, section x. The solution was

filtered through a S ym pore membrane filter, then desalted by passage at
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10 ml per minute down a 50 mm diameter 240 mm bed height column of

Pharmacia Sephadex™ G-50 M equilibrated with the same buffer.

Fractions containing more than approximately 1 mg protein per ml were
collected and pooled. The pooled protein was filtered through a 5 ym pore
membrane filter and loaded onto a column of Pharmacia Q-Sepharose™
equilibrated in the resuspension buffer. The column was 26 mm in
diameter and the bed height was 300 mm. The column was operated
isocratically at a flow rate of 0.5 ml per minute. PK principally elutes in

the break-through volume.

Eluate fractions containing more than approximately 1 mg protein per ml were
collected and pooled. The pooled protein was precipitated by bringing the
solution to 75 % saturation in ammonium sulphate by the slow addition of
0.5 g powdered solid ammonium sulphate per ml of solution. After
equilibrating while stirring for 30 minutes, the protein precipitate was

sedimented by centrifugation (30 min., 20000 g, 20 °C)

The protein pellet was resuspended in a minimum volume, typically 5 or 10 ml,
of extraction buffer (omitting the protease inhibitors) loaded onto a gel
filtration column equilibrated in the same buffer. The column was a 26
mm diameter 700 mm bed height column of a porous polymer resin, TSK
Fractogel™ HWS5-S. This had an effective relative molecular weight

fractionation range of 2000 to 800000, and a bead size of 25 to 40 ym.

The PK activity was eluted as the principal peak and concentrated by
ultrafiltration or ammonium sulphate precipitation as described for PGK.
The ammonium sulphate precipitate was stored at 4 °C since the protein
was not significantly cold-labile under these conditions (Fiona Stuart,

Edinburgh, personal communication).
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2.8.4 Electrophoresis

2.84.1 PAGE-SDS

Polyacrylamide gel electrophoresis with the denaturing detergent SDS was
performed according to the discontinuous system of Laemmli (Laemmli 1970;
Hames and Rickwood 1990). Nearly all proteins denatured with SDS under
reducing conditions are unfolded and bind the detergent in proportion to
their relative molecular weights. Under these conditions they are charged,
and migrate in an electric field, in proportion to their relative molecular
weights. Complications can arise, particularly with glycosylated proteins or
with some unusually stable proteins, but the proteins examined in this work

are not known to belong to either of these categories.

2.8.4.2 Native gel PAGE

Non-denaturing or “native” gels were run with the Pharmacia Phast™ system

using pre-cast gels. These gels were silver-stained.

2.84.3 Isoelectric focusing

IEF was performed using pre-cast Pharmacia PhastGel™ IEF media, covering
pH ranges 3 t0 9, 5 to 8 or 4 to 6.5. Desalted samples and Pharmacia pl

standards were run using a protocol from the system owner’s handbook.

2.8.4.4 Coomassie blue gel staining

Proteins in polyacrylamide gels were stained with Coomassie Brilliant Blue by
soaking for approximately 15 minutes in a solution of 50 % v/v methanol, 10
% v/v acetic acid, 40 % v/v water and 0.1 % w/v Coomassie Blue. Excess stain
was removed by rinsing and then soaking with repeated volumes of a solution

of 10 % v/v methanol and 10 % v/v acetic acid in water.
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2.84.5 Silver gel staining

Phast™ system gels were stained by the protocol described in the Phast™

system Owner’s Handbook.

2.8.5 Electrospray MS

I am extremely grateful to Andy Pitt, Cambridge, for running a sample of
purified fluorinated PGK on an electrospray mass spectrometer. The sample
used was 250 pmol in 10 pl of 15 mM Tris-HCI, pH 8.5. The sample was run

on a BioQ instrument from VG Instruments.

S3



3.1

Labelling a single protein in the
intact cell

The choice of a model protein to label and a cell type to
work in

Developing a new technique is aided by working on a well-characterised
system. The system should be easy to manipulate experimentally and
relatively simple, to aid the interpretation of results. These criteria apply

both to the protein to be labelled and the cell in which it is produced.

These considerations led to the baker’s yeast, Saccharomyces cerevisiae, as an
experimental organism. It constitutes a homogeneous tissue that is relatively
simple to manipulate genetically, easy to grow in large quantities and has

been very widely studied (Botstein and Fink 1988).

The protein chosen for these studies was phosphoglycerate kinase (PGK) (EC
2.7.2.3), widely studied in many kinetic and structural contexts. lts basic

properties have been reviewed in a chapter of The Enzymes (Scopes 1973).

Some work was done with pyruvate kinase and some preliminary further
work with hexokinase. The discussion here concentrates on the expression of
PGK since it has been studied in greater detail by other workers and is the

main object of this work.

Together with glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC
1.2.1.12), the enzyme preceding it in the glycolytic pathway, PGK catalyses an
important coupled reaction that links the phosphorylation potential,

[ATP]/[ADP][Pi], to the redox state of the cell, the NAD+/NADH ratio.
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GA3-P + NAD* + Pj € 1,3-BPG + NADH + H*

1,3-BPG + Mg.ADP <> Mg.ATP + 3-PG

PGK is a 45 kDa monomer with no disulphide bridges. It is a relatively stable
protein, making its purification and characterisation in vitro easier. It is the
only monomeric enzyme in the glycolytic pathway in yeast and has no known

physiological effectors.

ADP and ATP are important in many aspects of cellular energy metabolism.
ATP is often present in the cell in sufficient concentration, several mM

(Gancedo and Gancedo 1973), to allow its observation in the intact cell by 31P

NMR.

High resolution x-ray crystal structures have been determined for yeast and
horse muscle PGK (Banks et al. 1979; Watson et al. 1982), and for a number
of site-directed mutants of yeast PGK (Herman Watson et al., personal
communication). PGK has also been investigated by high resolution 1H NMR
spectroscopy in solution (Fairbrother et al. 1988; Wilson et al. 1988;
Fairbrother et al. 1989a; Fairbrother et al. 1989b; Fairbrother et al. 1990b;
Fairbrother et al. 1990a). These studies have looked at the protein in the
presence of various substrates and other ligands. The enzyme—substrate
interactions have also been investigated by 31P NMR spectroscopy (Rao and
Oesper 1961; Rao et al. 1978; Ray and Rao 1988a; Ray and Rao 1988b; Ray et
al. 1990).

These structural studies suggest that PGK may undergo a large
conformational change, a “hinge-bending” motion, upon binding its ligands
(Banks et al. 1979; Blake et al. 1986). Kinetic studies of native, mutant and
chimeric human/yeast PGKs have probed the structural interactions that may

be responsible for the conformational change (Adams and Pain 1986; Mas et
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al. 1986; Tompa et al. 1986; Mas et al. 1987; Mas et al. 1988; Mas and
Resplandor 1988).

Some aspects of the enzyme’s structure have been examined with tryptophan
fluorescence (Wasylewski and Eftink 1987), photochemically-induced
dynamic nuclear polarisation (photo-CIDNP) (Scheffler and Cohn 1986) and

low- and high-temperature denaturation (Griko et al. 1989).

Extensive studies of the kinetic properties of native yeast PGK have been
undertaken, particularly by Larsson-Raznikiewicz. Many binding, kinetic and
inhibitory parameters have been determined (Larsson-Raznikiewicz and
Malmstrom 1961; Larsson-Raznikiewicz 1964; Larsson-Raznikiewicz 1970;
Larsson-Raznikiewicz and Arvidsson 1971; Scopes 1978b; Scopes 1978a). The
thermodynamic parameters governing some of the enzyme-substrate

interactions have also been characterised (Hu and Sturtevant 1987).

The kinetics of the GAPDH:PGK couple has also been studied in detail
experimentally and theoretically; there is an active debate in the literature
about substrate-channelling at this step in the glycolytic pathway (Weber and
Bernhard 1982; Srivastava and Bernhard 1986; Sukhodelets et al. 1988;
Kvassman and Petterson 1989b; Kvassman and Petterson 1989a; Vas and

Batke 1990).

This detailed understanding of PGK should be helpful in understanding the
relationships between protein, labels and ligands. The operation of any multi-
enzyme complex involving PGK would also, presumably, involve protein-
protein interactions that may be amenable to study by a novel labelling

technique.
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3.2 Choosing the type of label to use

3.21 Approaches to labelling a protein

To observe a single protein species in the intact cell it is clearly necessary
that it has some distinguishing property. One might selectively introduce a
label into the protein of interest. Suitable labels might be fluorescent,
radioactive or detectable by magnetic resonance, and might be
biosynthetically incorporated into the protein covalently or as labelled

cofactors that bind tightly to the protein.

Chemical derivatisation of a purified protein in vitro offers many labelling
strategies. Human insulin, for example, is produced commercially by the
enzymatic modification of porcine insulin (Turnock 1991) and there are
techniques for incorporating non-coded amino acids or amino acid
derivatives into proteins synthesised by in vitro translation systems. These
and other approaches to protein labelling have been reviewed briefly by

Offord (Offord 1991).

Such schemes would lack specificity and generality if applied to a complex
mixture of proteins in the cell, even if the cell survived exposure to the
reagents used. It might be possible to prepare labelled proteins in vitro for
uptake by pinocytosis, or even by microinjection in suitable cell types.
However, such techniques do not seem to offer the prospect of a generally

applicable labelling methodology.

3.2.2 The choice of fluorotryptophan as the label for these studies

The labelling strategy adopted was to use a fluorine label biosynthetically

incorporated into the protein as the fluorinated amino acid

5-fluorotryptophan. Tryptophan was chosen for these studies since it was
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available in several fluorinated forms and because its rarity in proteins

(Reeck 1976) should lead to relatively simple labelling patterns.

Fluorine was chosen as the labelling atom since it is highly amenable to study
by NMR, a technique that can be applied noninvasively, and because it is
likely to be a relatively non-perturbing label (Gerig 1989). The fluorine atom
is not much larger than the hydrogen atom, the Van der Waals radii being
about 1.20 and 1.35 A respectively, although the electronic properties are

somewhat different.

Fluorine-19 occurs with 100% natural abundance, and is detected by NMR
with a sensitivity nearly as great as that of the proton. Sensitivity is a
particularly important issue with NMR since it is inherently insensitive,
requiring samples of around 0.5 to 1 ml and tens of micromolar. This
limitation is particularly apparent in comparison to techniques involving
fluorphores (see, for example, (Dix and Verkman 1990) where micromolar
quantities of flurophore are studied in single cells to determine the

cytoplasmic viscosity).

Fluorine NMR signals are exquisitely sensitive to the environment of the
fluorine nucleus. The chemical shift range of fluorine is very great, around
100 ppm, which makes it possible to distinguish subtly different
environments (Gerig 1989). Most cells contain no fluorine, so a fluorinated
label can be observed without background signals arising from other cellular
components. These important properties have been exploited in a study of
cell volume and membrane potentials using trifluoroacetate and

trifluoroacetamide (London and Gabel 1989).

Fluorine labels should thus be sensitive probes of changes within a protein in

the cell.
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3.23 Precedents for the study of fluorinated proteins

Fluorotryptophan, fluorophenylalanine and fluorotyrosine have previously
been used to non-selectively label proteins in E.coli. Individual proteins have
been purified from the cells and studied in vitro (reviewed by Sykes and
Weiner 1980). Many fluorinated proteins have been studied, including
alkaline phosphatase (Hull and Sykes 1974), the lac repressor (Jarema et al.
1981), the membrane-bound D-lactate dehydrogenase (Ho et al. 1989), the
galactose chemosensory receptor (Luck and Falke 1991), the cAMP receptor
protein (Sixl et al. 1990), and the H*-ATPase (Kim et al. 1990).

Purifying a protein from a globally-labelled organism has also been used to
isolate haemoglobins (Gerig et al. 1983; Gamcsik et al. 1987) and GAPDH
(Mark Boulton and Kevin Brindle, personal communication) from rabbits fed
on a diet containing fluorophenylalanine. Fluorinated proteins have also been
prepared by chemical modification in vitro. For example, 19F-labelled
lysozyme has been prepared by trifluoroacetylation of the e-amino groups of

the six native lysines (Adriaensens et al. 1988).

Efforts to improve the specificity and efficiency of the labelling process have
included depleting the growth medium of the natural amino acid and adding
the fluorinated amino acid when the target protein is being actively
synthesised (Sykes and Weiner 1980). Ho et al. achieved this for lactate
dehydrogenase simply by starvation of the cells followed by feeding lactate to
induce protein synthesis. Sykes et al. achieved a similar result with alkaline
phosphatase by depleting the growth medium of phosphate. Most previous
studies have used auxotrophic cell types to encourage the uptake of label, but
the work of Kim et al. made use of glyphosate to inhibit endogenous aromatic
amino acid production (Kim et al. 1990). Many studies have used cells

carrying plasmids to direct the overproduction of the target protein.
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3.3 Three strategies for the incorporation of the label

3.3.1 General considerations

3.3.1.1 The uptake of labelled compounds from the medium

A simple protocol to make cells to utilise a fluorinated amino acid seems
beyond reach if they can not assimilate it from their growth medium. Three
approaches have been used to try to encourage this assimilation, all aimed at
increasing the cell’s dependence on exogenous tryptophan. The approaches
include the use of auxotrophic yeast strains and an inhibitor of endogenous
tryptophan synthesis. As they constitute an important experimental variable,
each of these approaches is detailed and discussed in Section 3.3.2 after some

further general discussion.

3.3.1.2 Galactose—induction of protein synthesis

The second problem with attempting to label a protein in vivo is the difficulty
of ensuring specificity of the labelling process. This problem has been tackled
by arranging that the protein of interest was the predominant one being

synthesised when the label was present in the growth medium.

This selective synthesis has been possible with a galactose-inducible
expression vector, pKV43, which directs the synthesis of phosphoglycerate
kinase only in the presence of galactose and absence of glucose. Simple
manipulation of the growth medium makes it possible to control the
expression of PGK. The plasmid pKV43 is described in the Materials and

Methods section, Chapter 2.
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3.3.1.3 The induction process in practice

Yeast was grown into late-log or early stationary phase on a glucose-
containing medium. At this point, cell growth was essentially complete and
the cells possessed a full complement of normal cellular proteins that had
been synthesised in the absence of label. The 5-fluorotryptophan and
galactose were now added to the growth medium. In the absence of glucose
and presence of galactose, the target protein alone was now synthesised in

the presence of 5-fluorotryptophan.

The mechanism by which galactose-induction takes place is well understood
(Johnston 1987). Galactose in the cytoplasm is transported either non-
specifically or specifically by the GAL2 transport protein. In the cell, galactose
binds to the GAL80 protein causing it to dissociate from the GAL4 protein.
GAL4, a positive regulatory factor required for the activation of transcription,
is thus freed to bind to the GAL1-10 UAS sequence in the promoter region of
the gene, activating transcription. The molecular recognition involved in the
GAL4-DNA binding is now understood in some detail (Baleja et al. 1992;

Kraulis et al. 1992; Marmorstein et al. 1992).

3.3.1.4 Criteria for judging the outcome of the labelling process

The success of a labelling depends on two principal factors, the total quantity
of target protein produced and the degree of labelling. The extent to which
the protein is labelled will depend on the ratio of the labelled and unlabelled
amino acids available for protein synthesis. The combination of amino-acyl
tRNA synthetase and translational editing will further discriminate against

derivatised amino acids and reduce the fractional labelling achieved.

A high degree of labelling is clearly desirable, but there may be unwanted
physiological responses, for example, to the overproduction of a particular

protein that make it impossible to produce detectably large quantities in the
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cell. On the other hand, the cell may already produce large quantities of the
target protein and tolerate well a small proportional increase in the protein

concentration, large enough in absolute terms to facilitate the monitoring of

the label in vivo by NMR.

3.3.2 The strategies adopted to encourage cells to take up

fluorotryptophan from the growth medium

3.3.2.1 The choice of yeast strains

PGK was expressed from a plasmid maintained in the cell population by
leucine selection, so all the yeast strains used carried a leu mutation. Some
yeast strains, such as AH22, have s been found to be unsuitable for work
with galactose-inducible plasmids as they did not seem to allow the efficient
expression of the inducible gene (Alan Kingsman, Oxford, personal
communication), although the galZ galactose transport mutation does not
prevent efficient galactose induction in strains such as BJ2168 (Adams 1989).

This problem further restricted the choice of yeast strains for this work.

3.3.22 Labelling strategy 1 (Trp auxotroph, defined medium)

The first approach to forcing the cell to take up labelled tryptophan from the
medium was to use a yeast strain auxotrophic for tryptophan and grown in a
defined medium. This work was done with the yeast strain FY3-1 (trp, leu,
ade, his). This strain was chosen because it had the trp phenotype and was

known to work with galactose-inducible plasmids.

This approach seemed to offer the best prospects for achieving labelling since

the cells were absolutely dependant on exogenous tryptophan.
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3.3.2.3 Labelling strategy 2 (Inhibition of Trp synthesis in defined medium)

The second approach to encourage the uptake of labelled amino acid from
the medium was to use a yeast strain prototrophic for tryptophan but grown
in the presence of glyphosate, an inhibitor of aromatic amino acid
biosynthesis (Bode et al. 1986). This work was done with the yeast strain
DBY745 (ade, leu, ura). This strain was chosen because it was a parent of the
strain FY3-1 and because it was known to be a successful host of galactose-

inducible plasmids (Alan Kingsman, Oxford, personal communication).

This approach offered the prospect of labelling with the other aromatic amino
acids, since glyphosate acts on the shikimate pathway to block tryptophan,

tyrosine and phenylalanine production.

3.3.2.4 Labelling strategy 3 (Trp prototroph, complete medium)

The third approach to encourage the uptake of labelled amino acid from the
medium was using a tryptophan auxotroph grown on complete media to high
cell densities. Once grown, the cells were induced with galactose added to the
same medium. This relied on the growth of the cells to deplete the medium of
tryptophan. It was anticipated that the cells would then take up exogenous
tryptophan in preference to biosynthesis. This work was done with the yeast

strain BJ2168 (ura, leu, trp).

This method was the last to be tried since problems of plasmid loss were
anticipated on complete medium. In practice, it was found that the measured
plasmid loss was minimal over the 24 hour growth period. This was in accord

with work examining the stability of 2y plasmids in complete media (Futcher

and Cox 1984).
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3.3.2.5 Other possible strategies

The depletion of tryptophan in a complete medium by enzymatic means, or
the use of a defined medium with further additional supplements are also
possible. Preliminary further work has shown that incubation of the growth
medium with tryptophanase results to a near-doubling of the fractional
labelling achieved in complete medium, to over 60 %. This promising result

has yet to be pursued in detail.

34 Methods
3.4.1 Introduction to the methods
3.4.1.1 Refer to Chapter 2, the Materials and Methods section

The detailed descriptions of the yeast strains, plasmids, media and other
reagents used are given in the Materials and Methods section, Chapter 2.
Details of the growth conditions and other practical details are also contained

in the Materials and Methods section.

Some of the protocols refer to the addition of amino acids to the medium
without explicitly detailing the concentrations involved. Except where stated
otherwise, amino acids and other growth supplements were always added to
media to the same concentrations as those described in the Media

Supplements section of Chapter 2, Materials and Methods.

3.4.1.2 Important definitions

The synonymous terms “induction level” and “induction factor” are used
extensively in the remainder of this chapter. They are defined as the ratio of
the PGK activities in the cells before and after induction by incubation on

galactose. This was originally measured as the ratio of the “before” and
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“after” relative activities of PGK and GAPDH, or later simply as the ratio of the
“before” and “after” PGK (or PK as appropriate) activities, normalised to one

ml of cell water.

Transformed yeasts are referred to simply as the strain name followed by the
plasmid name, e.g. “BJ2168 pKV43” means cells of the yeast strain BJ2168
carrying the plasmid pKV43, the yeast having been transformed with that

plasmid.

3.4.2 Early induction protocol with FY3-1

A tryptophan auxotroph induced in defined medium

The first induction protocol used the tryptophan auxotroph FY3-1
transformed with the galactose-inducible PGK-producing plasmid pKV43. The
induction protocol used was based upon that suggested by the originators of
the strain and vector (Alan Kingsman et al., Oxford, personal communication)

and refined experimentally by Mark Boulton and Kevin Brindle.

The protocol had to be adapted because the fluorotryptophan label

was toxic to the cells under some circumstances, particularly if added to the
medium too soon. The optimal timing of the fluorotryptophan addition was
found to be almost coincident with the onset of galactose-induced protein
synthesis, typically after 12 hours with galactose, when the induction level

was approximately 1.5.
The final protocol was as follows.

A single colony of FY3-1 pKV43 was inoculated into a 50 ml culture of the
defined SC-leu medium (“synthetic complete” without leucine). This
preculture was grown for 24 hours, when the cell density was

approximately 8 x 107 per ml.
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The culture was used to inoculate several, typically three, 5 litre flasks
containing 2 litres of the complete YEPD medium at a cell density of
4 x 103 per ml. After 10 hours, the cell density was measured
approximately each hour. The cells were grown until the cell density had
reached 3 to 4 x 107 per ml. This took between 12 and 20 hours,

typically 14.

The cells were harvested by centrifugation (30 min., 5000 g, 4 °C) in sterilised 1
litre nominal volume polypropylene pots. The long spin time was
necessary as the cells did not sediment effectively from low cell densities

in the large centrifuge pots.

The cells were thoroughly washed free of residual YEPD medium by resuspension
and resedimentation twice in approximately 500 to 1000 ml of chilled
sterile water. A third wash was performed in sterile 50 ml plastic tubes

centrifuged at 2000 g in a benchtop centrifuge.

The cell density of the final suspen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>