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Abstr act

After carbon, in the form of sugar, nitrogen is quantitatively the most important

nutritional requirement for growth of Saccharomyces cerevisiae wine yeast' An

inadequate concentration of assimilable nitrogen in grape musts may lead to

incomplete fermentation and/or formation of undesirable flavour compounds in the

wine. Musts containing low assimilable nitrogen are conìmon in winemaking and

may be corrected by addition of ammonium salts.

L-proline is the most abundant nitrogen-containing compound in the majority of

musts. However during the wine fermentation, which is characterized by early onset

of anaerobic conditions, yeast can not assimilate proline as its catabolism requires

molecular oxygen and its transport is prevented by nitrogen catabolite repression.

When provided as the sole source of nitrogen, proline was transported by yeast with

the same rate under aerobic and anaerobic conditions'

A laboratory strain of .S. cerevi,si,ae was genetically modified to utilise proline as a

nitrogen source under anaerobic conditions. This was achieved by the introduction of

a soybean (Glicine max) gene encoding NAD-linked proline oxidoreductase

pDH/PjCR) into yeast. PDFVP5CR, which oxidizes proline to A'-pyrroline-5-

carboxylate (P5C) with its further conversion to glutamate, is present in some

anaerobic bacteiaand plants. The reported alkaline pH (10.3) necessary fot in vitro

oxidation of proline by PDFVP5CR was greatly lowered (pH 7.3) by removal of the

reaction product, P5C. Growth of the engineered S. cerevisiae strain (PUl) on

proline as the sole nitrogen source under strict anaerobic conditions confirmed the

physiological function of PDFI/P5CR.

Transgenic S. cerevisiae strain PU1 was able to grow on proline only when the

PDH/P5CR gene was overexpressed. Growth was characterised by extended lag



phase and reduced final cell count when compared to growth on (NH),SO*. This

could reflect elevated energetic demands associated with synthesis of the introduced

PDH/P5CR protein, proline transport and liberation of all nitrogen required for

biosynthesis from proline.

Further work should aim to introduce the NAD-dependent proline degradation

pathway into a commercial strain of wine yeast together with the nitrogen-insensitive

proline transporter. This would allow for utilization of proline nitrogen as well as

open the possibility for controlling the growth of such strains by manipulating the

proline content of grape must.
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Chapter I

General introduction and project aims

The relationship between nutritional composition of a grape must and the fermentation

performance of wine yeast, Saccharomyces cerevisiae, is well established (Bisson,

1991; Rapp & Versini, 1991). Although musts contain a complete mixture of

nutrients necessary to support yeast growth, it is the concentration and availability of

the particular components that determines the rate of growth and the extent of

fermentation. Whereas sugars provide yeast with an energy and carbon source, the

nitrogen containing compounds are of critical importance to yeast metabolism (Vos e/

aL, 1980; Monk, 1982; Bisson, 1991; Henschke & Jiranek, L991, 1993; Kunkee,

1991). Deficiency of nitrogen in fermenting must has been linked to slow or stuck

fermentations and the production of hydrogen sulfide which detracts from the quality

and economic reward of commercially produced wines (Monk, 1982; Stratford &

Rose, 1985;Monteiro & Bisson, 1991; Jiranek,1992).

The demand of S. cerevisiae for nitrogen depends on the strain (Houtman & du

Plessis, 1986; Jiranek et al.,I99l). It is generally accepted, however, that I40 mglL

of assimilable nitrogen is the minimum required to complete fermentation of a must

containing 200 gI- of sugar, while 878 mg N/L is the optimal level for achieving the

maximum fermentation rate of the same must (Rapp & Franck, 1971; Reed & Peppler,

L973; Agenbach,1977; Vos ¿r a\.,1980; Monk, 1982;Bely et aL, 1990). In contrast

to sugars, which are quantitatively the most abundant nutrients, the content of

available nitrogen in grape must varies from 40 to 2400 mg NIL and is, therefore,

often inadequate for completion of fermentation (Ough, 1968; Ingledew & Kunkee,

1985; Ough & Amerine, 1988; Monteiro & Bisson, 1992). This nitrogen pool

consists of a diverse range of compounds including amino acids, ammonium, urea,

purines, pyrimidines and small peptides. Of these, the most abundant are amino

1



acids, comprising between 60 and 90 per cent of total nitrogen in the must (Kliewer,

LelO).

The qualitative and quantitative composition of amino acids in musts varies depending

on grape variety, climate, cultivation and juice handling practices. Despite these

considerable differences, several compounds often predominate, including proline,

glutamine, arginine, alanine, glutamate and serine. Amongst these, proline is

frequently reported to be the most abundant (Ough, 1968; Ough & Stashak, 1974;

Ough & Amerine, 1988). As with other amino acids, the concentration of proline in

different musts varies widely, constituting between 24 mg N/L and 563.5 mg NIL of

must; with an average of 90.3 mg N/L which amounts to l27o of total must nitrogen

(Ough & Stashak, 1974; Ough & Amerine, 1988). There are, howevef, some grape

varieties, for instance Cabernet Sauvignon and Cabernet Merlot, in which the proline

nitrogen makes up to 407o of the total must nitrogen (Ough, 1968; Castino et al.,

1981). It has been noted for some time that, in contrast to the other amino acids, the

amount of proline in the must remains virtually unchanged during or after fermentation

(Castor, 1953; Castor & Archer, 1959; Lafon-Lafoufcase & Peynaud, 1959; Ough,

1968; Agenbach,Igll), and that, as other nitrogen containing compounds are utilised

by yeast, the residual proline accounts for the major proportion of nitrogen present in

the finished wine.

The failure of yeast to utilise proline as a nitrogen source is caused by two factors.

Firstly, the proline transporters are subject to nitrogen catabolite repression and

transinhibition by other nitrogen containing compounds (Lasko & Brandriss, 1981;

Horak & Rihova, 1982). Secondly, the first enzyme in the proline degradation

pathway, proline oxidase, is linked to the respiratory electron transport chain and thus

requires molecular oxygen to function. This nutrient is essentially absent from the

must soon after the initial stages of fermentation (Duteurtre et al., l97I).

2



In commercial winemaking, nitrogen deficiency is commonly encountered (Henschke

& Jiranek, 1993). To avert this, musts are routinely supplemented with di-ammonium

hydrogen phosphate; a nitrogen source readily assimilated by yeast. Several reports

indicate, however, that this treatment can impact on the aroma profile of the wine

(Anderson & Kirsop, 1974; Vos ¿r al., 1979; Ough & Lee, 1981; Tromp, 1984) and

may be linked to the increased production of urea; a precursor of the suspected

carcinogen, ethyl carbamate (Ough et a1.,1988).

The development of a wine yeast capable of utilising proline as a nitrogen source

under anaerobic conditions will provide the wine industry with an alternative solution

to the fermentation of nitrogen deficient musts, especially those in which the relative

proline content is high. This project aims to alter the catabolism of proline in wine

yeast so that the need for molecular oxygen, presently required for its metabolism, is

eliminated. Such a pathway will provide yeast with an abundant, naturally occurring

nitrogen source from must. The project also examines L-proline transport and

utilisation of proline metabolites by S. cerevisiae and selected yeast species.

a
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Chapter 2

Literature revrew

2.1 General aspects of nitrogen fate during wine

fermentation

In wine yeast, Saccharomyces cerevisia, the anabolic and catabolic routes of nitrogen

metabolism converge at the ammonia/glutamate interconversion through o('-

ketoglutarate, a feature sharedby many organisms. All compounds, which can serve

as nitrogen sources, are catabolised to yield glutamate and/or ammonia (Cooper,

1982a;Large,1986) providing the cell with the ability to synthesise all endogenous

nitrogen compounds independent of the nature of the external source, as long as the

source is adequate (Jones et al., 1969). Fermenting must contains a range of

compounds, which can provide S. cerevisiae with nitrogen (Fig. 2.L; Table 2.I).

Quantitatively significant nitrogen sources, which influence yeast growth, are

ammonium (5-24%o of total juice nitrogen, Ough, 1969; Ough & Kriel, 1985), amino

acids (60-907o,Kltewer, 1970), peptides (15-207o, Cordonnier, 1966) and proteins

(2-137o Amerine et a1.,1980; Correa et a1.,1988). Amines, nucleic acids derivatives,

nitrates and vitamins are present in trace amounts and do not contribute significantly to

the utilisable pool of nitrogen (Amerine et a1.,1980; Daudt & Ough, 1980; Ough &

Crowell, 1980). The content of nitrogen compounds in a must differs greatly

depending on the variety, berry maturation state, cultivation practices, region from

which grapes where harvested and storage practices (Etievant et al., 1988; Huang &

Ough, 1989; Kluba et a1.,1918; Houtman & du Plessis, 1981).

Utilisation of a particular nitrogen-containing compound of must by yeast is dictated

by an energetic 'efforlreward' balance associated with transport, catabolism, and

nutritional value that the compound represents to the cell under particular physiological

conditions. This is evidenced by the differing abilities of these compounds to support

a
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Figure 2.I. Degradation of nitrogenous compounds by yeast (redrawn from Large,1986)



Grape iuice nitrosen content (me/L)

7-t27

19-r44

r4-t76

10-70

5

45-89

704-1070

46-81

4

45-99

101-168

aJ

0-r46

r5-t82

38-r32

t8-29

28-97

2

t0-r20

170-1120

10-40

5-20

10-100

100-200

1

Nitrogen compound

Ammonia

Amino Acid

Amino

Amide

Humin

Polypeptide

Hexosamine

Protein

Residual

References

Table 2.L. Nitrogenius compounds of grape juice (redrawn from Jiranek, 1992. Modified).

Referencies:
(1) Hening, 1945 cited by Koch & Sajak, 1959
(2) Cordonnier, 1966
(3) Lafon-lafourcade & Peynaud, 1959
(4) Lafon-Lafourcade & Guimberteau, 1962
(5) Bizeau, 1963



growth when supplied as sole nitrogen sources as well as the selective accumulation

of these compounds when present as a mixture (Monk et al., 1987; Jiranek, 1992).

Ammonium, arginine, asparagine, aspartate, glutamate, isoleucine, leucine, lysine,

methionine, serine and threonine support the highest growth rates, measured as

culture doubling time, when provided as the single source of nitrogen. These

compounds are also rapidly utilised during the initial stages of growth (Watson, 1976;

Cooper, 1982a; Jiranek, 1992). A significant delay precedes the uptake of alanine,

histidine, phenylalanine and valine, whereas glycine, tryptophan and tyrosine are

transported after depletion of the preferred group of compounds (Jiranek, 1992)'

Proline is virtually unutilised during wine fermentation. The selective uptake of

nitrogenous compounds allowed for their segregation into four groups depending on

the timing and extend of their removal from the fermenting medium (Table 2.2)- The

above observations may indicate the ability of the yeast cell to differentiate between

good and poor nitrogen source. Compounds from Group A represent an efficient

nitrogen source by either playing the central role in nitrogen metabolism (ammonium,

glutamate), providing more than one nitrogen atom per molecule transported (arginine,

asparagine, lysine), or their transport requires less energy expenditure than the two

remaining groups (Seaston et al., 1973;F;ddy,I982a). Cysteine and lysine, although

utilised by S. cerevisiae when present in a mixture of compounds, fail to sustain cell

growth when provided as the sole source of nitrogen. High intracellular

concentrations of cysteine are toxic to the cell in a manner similar to other sulfhydryl

compounds (Maw, 1965), whereas lysine catabolism results in the production of toxic

cr-amino adipate semialdehyde, which accumulates in the absence of a better nitrogen

source (Cooper, 1982b). Proline is characterised as a Group D amino acid since

liberation of its nitrogen requires the oxygen-dependent, electron transport chain-

linked, proline oxidase. As already stated, molecular oxygen is practically absent

from must during fermentation, and thus proline nitrogen can not be utilised

(Duteurtre et al., I9l I).

5



Group A Group B Group C Group D

Ammonium

Arginine

Asparagine

Aspartate

Glutamate

Isoleucine

Leucine

Lysine

Methionine

Serine

Threonine

Alanine

Histidine

Phenylalanine

Valine

Glycine

Tryptophan

Tyrosine

Proline

Table 2.2. Grolpings for the ordered absorption of amino acids and

ammonium ions by yeast from growth medium. Adopted from Jones et al.,

1969 andJiranek, 1992.



All nitrogenous compounds enter yeast cell through energy dependent (obtained

through ATP hydrolysis), membrane transport proteins (permeases). Transport

proceeds down the gradient of electrochemical potential of hydrogen protons, which

are co-transported with the nitrogen compound into the cell. Preferred nitrogen

sources enter the cell by at least two transport systems differing in substrate affinity

(Ç) and maximal transport rate (Ç"-). Entry of transported solutes through a

specific transport system with high affinity for the given substrate is generally more

energetically efficient (requiring less co-transported protons), and proceeds at a

significantly higher rate. Compounds from Groups A and B are transported by high

affinity permeases during the initial stages of fermentation (Rose & Keenan, 1981;

Eddy, 1982a; Knatchbull & Slaughter, 1987). Once these are exhausted, less

favourable nitrogen sources (Group C) are transported through the general amino acid

pelmease (GAP) which serves as a nitrogen scavenging system. GAP can transport

o- and L- isomers of neutral and basic amino acids and operates as the major amino

acid permease towards the end of fermentation (Grenson et al., 1910; Wiame et al.,

1985). Oligopeptides (Calderbank et al., 1984; Moneton et al., 1986; Naider et al.,

1974), nucleotides, nucleic acid derivatives (Lee, 1987) and vitamins (Rogers &

Lichstein, L969;Perl et al., 1976) can be accumulated and utilised by S. cerevisiae.

Precise mechanisms of transport of these nitrogen sources however, is not fully

understood. A summary of S. cerevisiae nitrogen compound transpott systems is

presented inTable 2.3.

Control andregulation of nitrogen utilisation in S. cerevisiae is an interactive process

involving transport and catabolism and is mediated at the level of gene transcription,

translation; enzyme structure - precursorlactive enzyme (permease) and physical

enzyme/substrate interaction - compartmentation. In the ever-changing environment

of a fermenting must, solute transport is constantly controlled to ensure a steady and

sufficient supply of nitrogen at minimal energy cost to the cell. Excess accumulation

of single compounds, when a mixture of good nitrogen sources is available, is

prevented by feedback inhibition (accumulated substrate inhibits further accumulation

6



Table 2.3. Amino acid transport mechanism of Saccharomyces yeast Adopted from

Jiranek,1992.

References: (1) Grenson et al.,l9l0; (2) Grenson et al., 1987; (3)McKelvey et al.,

1990; (4) Grenson et al., 1966; (5) Chan & Cossins, 1976; (6) Gregory et a1.,1982;

(7) Darte & Grenson , 1975; (8) Joiris & Grenson , 1969; (9) Grenson & Duboi s, 1982;

(10) Ballarin-Denti et al., L984; (11) Crabeel & Grenson, 1970; (12) Bussey &

Umbarger, l91O; (13) Gits & Grenson,1969; (14) Ramos et a1.,1980; (15) Grenson,

1966; (16) Gits & Grenson,1967; (17) Horak & Rihova, 1982; (18) Magana-

schwencke & Schwencke, 196g; (19) Magana-Schwencke et a1.,1973; (20) Lasko &

Brandriss, 1981; (21) Shukla et a1.,1982; (22)Yerma et a1.,1984; (23) Wiame et al.,

1985; (2Ð Greasham & Moat, 1973; (25) Kotyk & Dvorakova, 1990.

o Activity in ammonium grown cells

b
nmol/mg/protein/min

' nmollgldry weighlmin

d nmol/g/dry weight/s



Amino Acid TransPort SYstem'

Ammonium K^ V^"*o

sensitivea (mM) Reference

L-Alanine GAP Yes 1

y-Amino
butyric acid

Proline permease

GABA pennease
GAP

Yes T2

100Yes )?
Yes 2

L-Arginine Arginine permease

GAP
No
Yes

10

7.6
12

23
4,5
1,5

L-Asparagine Glutamine permease
GAP

No
Yes

350 33" 6,7
6,7

L-Citrulline GAP Yes 80 1

L-Glutamic
acid

Dicarboxylic amino-
acid permease 1

Dicarboxylic amino-
acid permease 2

GAP

No t77

7

1000 20" 1

8

Yes

Yes
,8

L-Glutamine Glutamine permease 1

Glutamine permease 2

GAP

No
No
Yes 40

9

9

r,9

L-Glycine Glycine permease
GAP

No
Yes

400
14 000

2

2

10

1,10

L-Histidine Histidine permease 1

Histidine permease 2

GAP

No
No
Yes

I7
4 000

25

11

28
t6

11

11

I

L-Leucine Leucine permease

GAP
No
Yes

1 000 12,13,r4
12,r4

L-Lysine Lysine permease
Arginine pefinease
GAP

No
No
Yes

25
200
3.r

8.1

T7

15

15

1

L-Methionine Methionine permease 1

Methionine permease 2

GAP

No
No
Yes

12

170
t3
13

I6
t6
1

L-Proline Proline permease

GAP

Yes 31

>2 500

40d

160d

r7,r8,19
Yes t] 20

L-Serine Serine specific pennease

GAP
Partial

Yes
250
500

21,22
1,2r,22

L-Threonine Threoninespecificpermease
GAP

No
Yes

13

23

L-Tryptophan Aromatic amino acids permease

GAP
No
Yes

1.2" 23,24,25
1,,23

4ro
10

L-Valine GAP Yes 1



by the same pefinease due to an increase in intracellular concentration) and

transinhibition (inhibition between penneases for unrelated substrate through

competition for a common energy source). Delay of transport and catabolism of poor

nitrogen sources is achieved by inactivation/reactivation of particular permeases and

nitrogen catabolite repression (NCR) of their catabolic enzymes. Preferred nitrogen

compounds, mostly ammonium and glutamate, their metabolites and/or enzymes

associated with their catabolism are involved in these processes (Courchesne &

Magasanik, 1983; Wiame et a1.,1985; Vandenbol et al-,1987)'

The key reaction in .S. cerevisiae nitrogen metabolism, namely interconversion of

glutamate and ammonium through a-ketoglutarate, is catalysed by enzymes which are

responsive to ammonium concentration. Ammonium increases the activity of NADP-

dependent glutamate dehydrogenase (NADP-GDH), catalysing the synthesis of

glutamate from ammonium and c-ketoglutarate, and represses the NAD-dependent

GDH, which catalyses the reverse reaction (Heirholzer &.Holzer, 1963). A number

of permeases, including GAP, are subject to this control (refer to Table 2.3).

Examples of regulation through inactivation/reactivation and nitrogen catabolite

repression of the specific proline pefinease and GAP are discussed further in detail.

Certain pathways that share coÍìmon intermediates can be regulated by separation of

the anabolic and catabolic reactions into different compartments. Proline anabolism

and catabolism involves a conìmon intermediate, Â'-pyrroline-5-carboxylate. To avoid

futile recycling, proline catabolism occurs entirely in the mitochondria, whereas its

synthesis is cytosolic (Brandriss & Magasanik, 1980). Compartmentation also serves

as a means for storage of excess nitrogen. A portion of nitrogen influx into the cell

during the initial stages of fermentation is protected from degradation by accumulation

in the vacuole. In response to an increasing cytosolic concentration of nitrogen

compounds, vacuolar transport proteins are induced which mediate transfer of excess

nitrogen into the vacuole (Sato e/ aL, 1984). These vacuolar reserves, mostly amino
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acids (Weimken & Durr, 1974), may constitute up to 907o of a particular nitrogen

source transported into the cell (Messengry et al., 1980; Kitamoto et al', 1988) and

are utilised when the cytosolic and extracellular sources are exhausted.

It has been established that the optimal concentration of utilisable must nitrogen for S.

cerevisiae to complete fermentation of sugars is 878 mg N/L (Agenbach, 1977:' Yos et

al., 1980; Bely et aI., 1990). In this respect, musts are often deficient in nitrogen.

However, the intracellular nitrogen deficiency may arise not only as a result of low

must concentration of utilisable nitrogen but also through impaired cellular transport.

Several factors associated with the process of must fermentation may intetfere with the

accumulation of sufficient nitrogen to satisfy the metabolic demands of S. cerevisiae.

Relatively early depletion of molecular oxygen during fermentation prevents S.

cerevisiae from utilising proline. Anaerobic conditions also negatively affect synthesis

of sterols and unsaturated fatty acids; lipids essential for membrane function

(Andreasen & Stier, 1954; David & Kirsop, 1913; Lafon-Lafourcade, 1986).

Progressive increase of carbon dioxide pressure (Pekur et al., 1981; Knatchbull &

Slaughter, 1987), ethanol (Larue & Lafon-Lafourcade, 1989; van Uden, 1989) and

pH (Greasham & Moat, I973;Ballarin-Denti et aL,1984) during fermentation leads to

marked reduction in transport rate.

2.2 Transport of L-proline

2.2.1 Transport proteins

To sustain life a cell must maintain its internal homeostasis. The key role in this

process is played by a cytoplasmic membrane, a structure separating a cell from its

environment. The phospholipid bilayer composition of this membrane renders it

hydrophobic and makes it a highly selective barrier for the transport of solutes into and

out of the cell. Only small, hydrophobic (nonpolar), uncharged molecules like CO2,

02, NH3 and fat-soluble substances, such as fatty acids and alcohols can penetrate the
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cytoplasmic membrane easily by passive diffusion. Ions, large inorganic and organic

compounds, which are crucial to the cell physiology, can not enter the cell freely due to

their polarity. These substances pass through the membrane with the assistance of

membrane transport proteins (Oxender, 1972; Wllson, 1978; Eddy, I982b; Stein,

1936). These proteins float freely while suspended in the cytoplasmic membranes.

One end of the protein is therefore exposed to the exterior while the other end is within

the enclosed by the membrane space.

The transport proteins are classified on the basis of their mechanism of action.

Primarily they can be divided into channels and carriers (the latter are also named

peffneases or transporters). Channels enable the solute to penetrate the cell membrane

while remaining inert during the process. Differentiation between transported solutes

is based here mainly on the solute size. Transport is passive and occurs only down the

concentration gradient. Carrier proteins actively partake in the transport. Because they

undergo conformational changes and bind to the transported solute, they can be

considered as membrane-bound enzymes. Instead of catalysing the conversion of a

substrate to a product, carriers mediate the vectorial reaction of solute transfer from one

side of the membrane to the other. Their binding sites alternatively face external and

intemal membrane surface which influence K¡¡ (substrate affinity) and "/¿ (transport

rate) of the transported substrate.

Carriers can be categorised as those catalysing (a) facilitated diffusion and (b) active

transport. The first process, like channel mediated transport, does not utilise energy.

Transport proceeds down the concentration gradient and stops when concentrations of

the transported solute are equal on both sides of the membrane. In contrast to

channels, the recognition of substrate by the carriers is strict, allowing for selective and

accelerated accumulation of the solute. Carriers responsible for the active transport

utilise energy. This enables substances to be transported against the concentration

gradient and creates substantial difference in their concentrations across the membrane.
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Two types of active transporl carriers exist; primary carriers, also known as

chemiporters, and secondary carriers. Primary carriers utilise the phosphate bond

energy of ATP to pump ions across the membrane. Hydrogen ions are employed by

procaryotes and plants for this process, whereas sodium and potassium ions are used

in the animal kingdom. The created electrochemical ion potential is then utilised by

primary carriers for translocation of required nutrients. When a primary carrier protein

functions only as an ion transporter it is often referred to as a pump. The secondary

carriers are unable to generate ion gradients. They are energised by the electrochemical

potential created by the primary carriers or proton gradient generated by the respiratory

chain or light reactions.

During transport, ions and solutes can move through the carrier in the same direction -

symport or co-transport, or in opposite directions - antiport or countertransport.

Sugars, amino acids and other large molecules are predominantly transported by co-

transport whereas antiport systems are generally used for the excretion of metabolic

by-products from the cytoplasm (Hama et al., 1987; Reizer et aI., l99O; Kalman et

aL,l99I). The previously described process of facilitated diffusion, which transports

solutes independently of any coupling ions, is also known as uniport. Pumps also

transport ions in the uniport fashion (Higgins et a1.,1990; Ames et al., 1992; Konings

et al., 1992).

Carriers mediating active transport can also be classified by their specificity towards

the transported solute. Carriers transporting only a single compound or a group of

structurally related compounds are known as specific carriers. Affinity of these

transport systems for atarget solute is usually very high enabling efficient scavenging

of solutes which are present in the medium at very low concentration. For this reason,

specific carriers are particularly prevalent amongst unicellular organisms living in

environments that demand a high competition for nutrients. The second group consists

of the non-specific or general carriers. These are capable of transpotling a large

number of structurally unrelated compounds, they usually have low substrate affinity
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and are therefore only able to transpoft solutes present at high concentration in the

external medium. Mammalian and plant cells are equipped mostly with these carriers

but they are also present in procaryotic and eucaryotic microorganisms.

As the metabolic pathway, for a given compound, starts with its transport or transport

of necessary intermediates, facilitated diffusion and active transport carriers are

integrated into the enzymatic machinery of that pathway and are strictly regulated by a

number of mechanisms. These operate on several levels associated with a synthesis of

transport protein itself or its function. Being biologically active compounds, carriers

are also influenced by a number of physiological factors such as temperature, pH and

concentration of certain substances such as ethanol and carbon dioxide. This in tum

determines the transportrute for the particular substance (Stein, 1990).

2.2.2 Mechanisms of L-proline transport and its regulation

Transport of I--proline has been the subject of extensive studies in both unicellular

organisms and tissues of higher plants and animals. This transport can proceed

through t-proline specific carriers or non-specific carriers. Similar to the transport of

other amino acids,l-proline transport is always energy dependent.

a) Kinetics of proline transport in SaccharomJces cerevisiae

In the yeast Saccharomyces cerevisiae L-proline enters the cell through two distinctive

transport systems, the low and the high affinity carries. The low affinity transport

system, with a K¡¡ of 13 mM and a maximum rate of transport V-u* of 150-165

nmol/s/(g dry wt.), is capable of transporting L-proline only when its concentration in

the medium is greater than 0.I7o. Experimental data indicate that this low affinity L-

proline transport is mediated by the general amino acid permease (GAP) (Lasko &

Brandriss, 1981; Horak & Rihova, 1982). Besides proline, this carrier catalyses the

uptake of a wide range of I-- and D-amino acids, with basic and neutral amino acids

being preferred substrates. In fact, GAP is the only transport system in yeast capable

of transporting D-amino acids, non-proteinogenic L-amino acids and several metabolic
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intermediates such as citrulline and cr-aminoadipic acid (Grenson ¿t al., 1970; Darte &

Grenson, I915; Rytka, I915).

GAP is a membrane-bound multiprotein complex consisting of three different

polypeptides of molecular weight of 53 000, 45 000 and 30 000 Da. It also contains a

loosely associated periplasmic protein, MW 14 000, that is capable of binding to the

transported solute (Woodward & Kornberg, 1980). The translocation of amino acids

by GAP is driven by the proton motive force and involves a proton-symport

mechanism (Seaston et a1.,1913). The affinity of the carrier for solutes is affected by

pH in a charge-related fashion. For the acidic amino acids a lower Km was observed

at low pH, whereas high pH renders lower Km for basic amino acids (Eddy, 1982b;

Olivera et a1.,1993).

The second proline carner, the specific or the high affinity transport system, is able to

transport l-proline when its external concentration is below O.O27o. Its Krn is

0.025mM and V-u* 40 nmol/s/(g dry wt.) (Lasko & Brandriss, 1981; Horak &

Rihova, 1982). This carrier, named Put4 for proline utilisation, is a single protein

with hydrophobic regions forming membrane-spanning cx,-helical segments separated

by very short hydrophilic, electrically charged stretches. Its composition is similar to

four other S. cerevisiae transporters which include GAP, histidine permease (Hipl),

arginine peffnease (Canl) and GABA pennease (Uga4) (Hoffmann, 1985; Tanaka &

Fink, 1985; Jauniaux et aL, 1989; Vandenbol et aI., 1989; Jauniaux & Grenson,

1990). The presence of a histidine residue in the active site of the Put4 protein and the

spatial affangement of the imino and carboxyl groups of proline are essential for the

successful binding of the proline to the carrier molecule and its subsequent transport

(Horak, 1986). Besides the close structural analogues of proline, such as N-

methylglycine, I--thiazolidin carboxylic acid, 3,4-dehydro-Dl-proline, D- and L-

azetidincarboxylic acid; L-alanine and GABA are the only other natural substrates for

the specific proline carrier and are transported only in the absence of proline in the
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external medium (Magana-Schwencke & Schwencke, 1969; Horak & Rihova, 1982;

Grenson, Igg2). The functioning of Put4 is pH and temperature dependent, with an

optimal pH of 5.9 and optimal temperature of 300C (Horak & Rihova, 1982).

Although these characteristics indicate energy involvement, as confirmed by changes in

ATP levels associated with proline transport, no conclusive evidence exists to what

energises the proline uptake in S. cerevisiae. No exchange of ions, alkalisation or

changes in conductivity were observed, indicating that factors other than/or additional

to the proton motive force, which provides energy for transport of large number of

amino acids, are involved in proline transport (Eddy, 1982b; Horak & Rihova, 1982;

Horak & Kotyk, 1986; Calahorra et a1.,1989; Kotyk et a1.,1990).

Both GAP and Put4 proteins lack an ATP-binding site indicating that they are proton-

gradient driven secondary carriers. Together, they are capable of accumulating proline

intracellularly against the concentration gradient in the ratio of 800:1. (Magana-

Schwencke & Schwencke, 1969; Lasko & Brandriss, 1981; Horak & Rihova, 1982;

Horak & Kotyk, 1986).

b) Regulation of prolíne transport in saccharomlces cerevisiae

Regulatory mechanisms of t-proline transport mediated by the general amino acid

perïnease and Put4 display similar characteristics (Grenson, 1983a, 1983b, Jauniaux ¿/

aI., 1987). Both carriers are trans-inhibited by all protein building L-amino acids;

exceptions here are alanine and GABA which are, besides L-proline, the only natural

substrates for Put4 and thus show competitive inhibition of the carrier.

When presented with a preferred nitrogen source, for example ammonia, cells of 'S.

cerevisiae halt transport of t--proline through GAP and Put4 in the same manner. This

is accomplished by a double control mechanism involving inhibition of carrier activity,

a process known as nitrogen catabolite inhibition (NCI); and repression of carrier

protein synthesis, a system known as nitrogen catabolite repression (NCR). The

inhibition of GAP and Put4 rests on the balance between two proteins which assist in
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the function of both carriers. These are the NPR (nitrogen permease reactivtor) and

Npil and Npi2 (nitrogen pennease inactivator, formerly Mut2 and Mut4) proteins

(Jauniaux et al., 1987). 'When yeast are grown on proline, or other poor nitrogen

sources, the NPR gene is fully expressed and the presence of its product renders GAP

and Put4 fully functional by eliminating the inhibitive action of Npil/Npi2 proteins

(Vandenbol et aI., 1987). Although the mechanism of this interaction is not fully

understood it is postulated that Npil/f{pi2, which are thought to be expressed

constitutively, bind to GAP and Put4 and render them inactive. Npr protein prevents

this binding from occurring by blocking NpilA{pi2 binding site (Grenson and

Acheroy, lg82). Addition of ammonium ions prevents the synthesis of the NPR gene

product, allowing unrestricted binding of Npi proteins to GAP and Put4 and halting

proline transport. NADP+-linked glutamate dehydrogenase (GDH)' an enzyme

partaking in the synthesis of glutamate, plays a crucial role in the inactivation of Npr

synthesis by ammonia. This occurs through the regulation of the expression of NPR

gene by Gdh protein or Gdh-ammonia complex (Vandenbol et al., 1987). This is

illustrated by (a) the GAP and Put4 of gdh mutants are insensitive to ammonia

inhibition (Grenson and Hou, 1912; Dubois et a1.,1974; Roon et al., 1974) and (b)

the rate of the NADP+-GDH synthesis is related to the intracellular concentration of

ammonium ions (Bogonez et al.,1985).

The second level of L-proline transport regulation, the repression of synthesis of GAP

and PUT4 caffiers, appears to be associated with the catabolic, NAD+-linked glutamate

dehydrogenase (GDH-CR). It is thought that this protein forms a complex with

ammonium ions when it enters the cell and/or glutamine, which is synthesised in the

presence of ammonia @ubois et aI., 1977; Grenson, 1983b; Jauniaux et al., 1987',

Soussi-Boudekou & Andre, 1999). It is not known whether this complex acts at the

level of transcription or translation of the GAP and PUT4 genes, or regulates post-

translation modifications necessary for the formation of the fully functional GAP and

Put4 proteins (Roon & Even, 1973; Roon et a1.,1974; Grenson, 1983a; Wiame et al',

1e8s).
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This NCUNCR regulation system of both proline carriers is rare amongst the amino

acids transport systems in S. cerevisiae, as most high affinity transporters of the amino

acids are unaffected by either ammonia or other nitrogen sources in the NCI/NCR

fashion (Wiame et al., 1985; Horak, 1986; Grenson, 1992; Ter Schure et aI., 1998)'

As a result of the trans-inhibition and NCI/NCR repression in S. cerevisiae,L-ptoline

is transported only when it serves as the sole nitrogen source'

c) Proline transport in mícroorganísms and filamentous fungi

In most microorganisms studied, proline enters the cell by specific and/or non-specific

proline carriers. In number of these organisms, these proline specific carriers are

induced by proline and are not subjected to repression by ammonia or other nitrogen

source. They are energised by energy derived from glycolysis, which enables them to

function under anaerobic conditions. A summary of proline carriers is presented in

Table 2.4.

d) Proline transport in animals ønd hígher plants

In contrast to free-living microbes, cells of multicellular organisms are surrounded

either by neighbouring cells or a rich nutrient milieu which includes amino acids.

Therefore, there is no need for a specific, high affinity transport systems capable of

scavenging amino acids. Generally, the cells of vascular plants and animals possess

three amino acid transport systems; one for neutral, one for acidic and one for basic

amino acids. Such a mode of transport has been described in various organisms

including soybean (King & HirJi, l9l5), oat (Kinraide & Etherton, 1980), castor bean

(Robinson & Beevers, 1981), broadbean @espeghel & Delrot, 1983), sugarcane

(Wyse & Komor, 1984) and in investigated animal tissues including kidney (Fox e/

al., 1964), intestinal mucosa (Schultz & Zalusky, 1965), muscle (Christensen &

Liang, 1966) and brain (Margolis & Lajtha, 1968). Thus L-proline enters cells of

higher plants (Shtarkshall et al., 1970; Jung & Luttge, 1980; Kinraide & Etherton,

1980; Robinson & Beevers, 1981) and animal tissues (Finch & Hird, 1960a, 1960b;
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Table 2.4. Characteristics of proline transporters in microorganisms and filamentous fungi.

References: (1) van Yeen et a1.,1994; (2) Behki, 1967; (3) Arst & Cove, 1973; (4) Arst et a1.,1980; (5) Dabrowa & Howard, 1981;

(6) Jayakumar & Prasad, 1918; (7) Jayakumar et aI., !979; (S) Cho & Komor, 1983; (9) Kessel & Lubin, 1962; (10) Rowland &

Tristram, I91.5; (11) Wood &.Zadwomy, 19'79; (12); Tristram & Neale, 1968; (13) Stalmach et al.,1983; (14) Milnet et a1.,1988; (15)

Dabrowa & Howard, 1916; (16) Law & Mukkada, 1979; (17) Ratzkin et al., 1978; (18) Cairney et al., L984; (19) Anderson et al.,

1980; (20) Bae & Miller, t992; (21) Townsend & Wilkinson, 1992; (22) Winkler & Daugherty, 1984; (23) Kay & Gronlund, 1969a,

I969b,1969c, I969d
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Neame, 1962; Abadom & Scholefield, 1962; Spencer & Brody, 1964; Begin &

Scholefield,Ig65; Munck, 1966; Hillman et al., 1968) through a common carrier that

also mediates transpoft of other neutral amino acids'

In higher plants uptake of t--proline, together with other amino acids, is driven by the

electrical gradient of protons and is associated with proton co-transport (Etherton,

1980; Robinson & Beevers, 1981; Despeghel & Delrot, 1983; Sauer et al., 1983;

Wyse & Komor, 1984). This H* potential is maintained by the metabolic energy of

respiration. The exact mechanism of fuelling the H+ gradient and its uniqueness in

amino acid transport remains elusive, as experiments showing that transport can be

driven by pH and/or electrical gradients in metabolically poisoned cells, proved to be

unsuccessful

The active transport of I--proline and other amino acids by the cells of animal tissues ts

associated with a co-transport of Na+ and antiport of K+ cations (Rosenbusch et al.,

1967;Eddy, 1968;Margolis & Lajtha,1968;Tews & Harper, 1969). Electrochemical

gradient of Na+/K+ cations is maintained by the energy derived from hydrolysis of

oxidative phosphorylated ATP (Eddy, 1968).

2.3 Metabolism of proline

The imino acid proline plays three physiological roles:

o it is a precursor for protein synthesis where the rigid pyrrolidine ring of proline

provides structural constrains to the movement of the polypeptide chain (Csonka

& Baich, 1983),

o it can be degraded and used as a sole carbon, nitrogen or energy source by a

number of organisms (Adams & Frank, 1980),

o proline can serve as an osmoprotectant for some bacteria and higher plants, where

it is accumulated under conditions of osmotic stress thanks to its high solubility in
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water. In this role, proline protects the cell against osmotic stress by accumulating

in the cytosol to restore the optimum osmotic differential between the cell and the

environment (Singh et al., 1973; Jager & Meyer, 1911; Csonka, 1981; Stewart,

1981; McCue & Hanson, 1990).

Proline catabolic and anabolic pathways are coÍìmon to most organisms. However

the presence of a secondary amino group in the proline ring excludes this imino acid

from transamination and decarboxylation reactions characteristic of the biochemistry

of other amino acids (Maloy, 1987).

2.3.1 Anabolism of proline

Two pathways lead to the biosynthesis of L-proline, one involving the precursor L-

glutamate and the other the precursor L-ornithine. These can interchange through a

coÍìmon intermediate, L-glutamic-y-semialdehyde.

2.3.1.1, The glutamate pathwaY

The first reaction in the biosynthesis of proline from glutamate is the phosphorylation

of glutamate to L-y-glutamyl phosphate by the y-glutamyl kinase (refer to Figlute 2.2,

Reaction 1). This reaction was established on the basis of the isolation of functional

y-glutamyl kinase (catalysing production of y-glutamyl hydroxamate, ADP and Pi in a

reaction mixture containing glutamate, Mgt*, ATP and hydroxylamine) from E. coli

(Baich & Pierson, I965;Hayzer & Moses, 1978), Brevibacterium flavum (Yoshinaga

et aL, 1967) and Pseudomonas aeruginosa (Krishna & Leisinget, 1979) and by

studies of proline auxotrophic mutants of E. coli (Baich, 1969, I91l), Salmonella

typhimuriuLm (Miyake & Demerec, 1960) and .S. cerevisae (Brandriss, 1979). It is

argued that due to its instability, y-glutamyl phosphate remains bound to the enzyme,

y-glutamyl kinase (Gamper & Moses, 1974) before it is converted by the second

enzyme of proline biosynthesis, y-glutamyl phosphate reductase, to form L-glutamic-
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Figure 2.2. Steps in the pathways of proline metabolism in animals, plants and

bacteria. Enzyme 1is y-glutamyl kinase; 2,y-glutamyl phosphate reductase; 3, P5C

reductase; 4, ornithine transaminase in the ornithine catabolic direction; 5, ornithine

cyclase (deaminating), Clostridial enzyme; 6, proline oxidase; 7, proline

oxidoreductase; 8, P5C dehydrogenase; 9, proline racemase, Clostridial enzyme;

10, l-proline reductase, Clostridial enzyme; II, ornithine transaminase in the

direction of ornithine synthesis from P5C. Redrawn from Adams & Frank (1980),

modified.
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y-semialdehyde (GSA) (Figwe 2.2, Reaction 2). The NAD(P)H-dependent y-

glutamyl phosphate reductase has been purified from E coli (Baich, l97I),

Pseudomonas (Krishna et aI, 1979), Chinese hamster lung cells (Wasmuth & Caskey,

1976) and higher plants (Fowden, 1965; Morris et aL, 1969). Employing proline

auxotrophic mutants of S. cerevisiae, Brandriss (1979) demonstrated the conversion

of y-glutamyl phosphate to GSA in yeast.

t--glutamic-y-semialdehyde spontaneously cyclizes to form A'-pyrroline-5-carboxylic

acid (P5C) which in turn is reduced to L-proline by the P5C reductase (Figure 2.2,

Reaction 3). This reaction has been demonstrated in microorganisms (Sanderson,

L9l2;Bachmann et aI., 1976; Brandriss, 1979; Krishna et al., 1979), animals (Valle

et al., 19'75;Farmer et al., 1919; Smith & Phang, 1979) and plants (Splittstoesser &

Splittstoesser, l9J3; Rena & Splittstoesser, I975). The P5C reductases that have

been investigated, utilise either NADPH or NADH as reductant, are soluble and have

an apparent molecular weight ranging ftom 94, 000 to 320, 000 (Mazelis &

Creveling, 1974; Rossi et al., lgll; Costilow & Cooper, 1978; Hayzer & Moses,

I9l8; Farmer et aL,1979; Krishna et a1.,1919).

2.3.1.2 The ornithine pathway

It has been reported that the amino acid ornithine may serve as a precursor for the

synthesis of L-proline. This reaction was observed in numerous animal tissues

(Chinese hamster ovafy cells, Vale et aI., I9l3; Smith & Phang, 1979; larvae of

blowfly, Yoshida et al., l9l7; rat mammary gland, Yip & Knox, 1972; lll4;ezl &'

Knox, 1977;ratmuscle tissue, Herzfeld et al., I9l7;human connective tissue, Smith

& Phang, 1978; liver fluke, Ertel & Isseroff, l9l4), some plants (peanut cotyledons,

Mazelis & Fowden, 1969; pumpkin seeds, Splittstoesser & Fowden, 1973) and some

microorganisms (C/ostridium sporogenes, Muth & Costilow, 1974; Saccharomyces

cerevisiae, Brandriss & Magasanik, 1980, 1981). In this pathway, ornithine
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undergoes transamination by the ornithine õ-transaminase to r--glutamic-y-

semialdehyde/P5C which is reduced to proline (Figure 2.2, Reaction 4). Thus the

ornithine pathway of proline synthesis joins the glutamate route at the GSAÆ5C step.

In animals the ornithine ô-transaminase is located in the mitochondria (Peraino &

Pitot, 1963; Swick et al., 1970) whereas a cytosolic location of the enzyme was

reported for plants (Mazelis & Fowden, 1969).

In several organisms, including S. cerevisiae, the ornithine pathway of proline

synthesis plays a role in the arginine catabolic pathway. Arginine is broken down to

ornithine and urea by an enzyme arginase. Further utilisation of the carbon and

nitrogen originating in arginine occurs through degradation of proline (I\4azelis &

Fowden, 1969; Splittstoesser & Fowden,lgJ3; Brandriss & Magasanik, 1980). It is

believed however, that in microorganisms, including S. cerevisiae, the role of the

ornithine pathway in the biosynthesis of proline is of minimum significance (Otset et

al., 1988).

2.3.L.3 Regulation of the proline anabolic pathway

Studies of proline biosynthesi s in Neurospora crassa (Vogel & Bonner, 1954), E.coli

(Baich & Pierson, 1965; Baich, 1969; Hayzer & Leisinger, 1980; Csonka, 1981;

Smith et al., 1984; Smith, 1985), Pseudomonas aeruginosa (Krishna & Leisinger,

1979), S. cerevisiae (Tomenchok & Brandriss, 1987; Li 8. Brandriss, 1992) and

mothbean (Ht et at., 1992) showed that proline biosynthesis from glutamate is

regulated through feedback inhibition by the end-product of the reaction, proline.

This regulation occurs at the first step of the pathway, the conversion of glutamic acid

to y-glutamyl phosphate, catalysed by y-glutamyl kinase, the product of the proB gene

in E. coli and S. typhimurium. Gene proB forms an operon with proA, encoding

glutamate-y-semialdehyde dehydrogenase, the second enzyme of the pathway (l\4ahan

& Csonka, 1983; Csonka & Baich, 1983; Deutch et al., 1984). In S. cerevisiae, y-
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glutamyl kinase is coded by the Prol gene (Brandriss, 1919; Tomenchok &

Brandriss, 1987; Orser et al., 1988). In addition to the inhibition by proline, the

catabolic function of E. coliy-glutamyl kinase is impaired by the high concentration of

intracellular ADP (Smith et a1.,1984). Such two-tiered regulation makes proline

synthesis responsive to cellular energy levels thus preventing ATP depletion and

unnecessary proline overproduction with its subsequent excretion. In animal tissues

(Smith et aL, 1930) and a protozoan Tetrahymena pyriþrmls (Hill & Chambers,

1967), where arginine serves as the primary precursor for proline synthesis (rather

than glutamate, as it is in plants and the microorganisms), proline anabolism is

sensitive to ornithine.

The mechanism of proline synthesis control at the molecular level has not been fully

elucidated. Because the synthesis of proline anabolic enzymes is not repressed by

exogenous proline, it is believed that the proline biosynthetic genes are expressed

constitutively (Berg & Rossi, 1974;Hayzer & Leisinger, 1980; Bloom et al., 1983;

Brady & Csonka, 1988; Brandriss & Falvey, 1992) and the allosteric control of the

first enzyme of the pathway appears to be the sole mechanism regulating the synthesis

of proline.

2.3.2 Catabolism of L-Proline

2.3.2.I The P5C pathwaY

In the majority of organisms, the pathway of proline degradation is a reversal of its

synthesis. Two enzymes are involved in proline degradation. First, proline is

oxidised to P5C by either an ETC-linked proline oxidase or NAD(P)Jinked proline

dehydrogenase (Figure 2.2,Pteaction 6 and 7). Second, P5C is oxidised to glutamate

by NAD(P)-dependent P5C dehydrogenase (Figure 2.2, Reaction 8). The route

involving the proline dehydrogenase enzyme has only been demonstrated in vitro with

enzyme preparations from plants (I\4azelis & Fowden, 1971.; McNamer & Stewart,

1974;Rena& Splittstoesser, I9l5) and certain species of anaerobic bacteria belonging
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to the genus Clostridium (Costilow & Laycock, L969; Costilow & Cooper, 1918)'

The oxidation of proline by the proline oxidase eîzyme is common to all studied

aerobic organisms: bacteria, (Dendinger & Brill, l9l0;Menzel & Roth, 198la; Meile

et aL,1982; Abrahamson et al., 1983; Wood, 1987), Aspergillus nidulans (Arst &

MacDonald ,lg75), S. cerevisiae, (Lundgren & Ogur, I9l3; Brandriss & Magasanik,

1979; Brandriss, 1987), plants (N4azelis & Fowden, I97I; Bogges et al., 1918;

Stewart & Bogges, 1978; Elthon & Stewart, 1982) and animals (Strecker, 1971;

Blake, I912;Mezl &. Knox, l9l7).

In studied procaryotic organisms, proline oxidase and P5C dehydrogenase activity are

associated with the same membrane bound protein. A flavin group is necessary for

the oxidase but not the dehydrogenase reaction. Purified eîzyme consists of a L24,

000 dalton polypeptide in E. coli (Dendinger & Brill, 1970; Scarpulla & Soffer, 1978;

Graham et aI., 1984), a 132,000 dalton in Salmonella typhimurium (Menzel &. Roth,

1981a; Graham et al., 1984) whereas an enzyme of l2O, 000 dalton is seen in

Pseudomonas aeruginosa (Meile et al., 1982). In all eukaryotes [S. cerevisiae,

(Brandriss & Magasanik,I9J9a,l979b), higher plants (Stewart &Lai, 1974; Bogges

et al., 1978; Huang & Cavalieri, 1919; Elthon & Stewart, 1982) and animals

(Strecker, 1960; Strecker, I97I)l the oxidation of proline and P5C are associated with

separate proteins. Proline oxidation is carried out by a membrane-bound,

mitochondrial enzyme which is associated with a flavoprotein on the electron transport

chain (Meyer, L977). P5C dehydrogenase, catalysing the oxidation of P5C to

glutamate, is an NAD-dependent enzyme which has been localised to the

mitochondrial matrix in plants (Bogges et al.,I9J5; Balboni & Hecht, 1977; Elthon &

Stewart, 1982), rat liver (Brunner & Neupert, 1969) and yeast (Lundgren & Ogur,

I973;Brandriss & Magasanik, 198 1).

Oxidation of proline by the NAD(P)-dependent proline dehydrogenase has been

demonstrated with extracts from a number of higher plants (Mazelis & Fowden, I9ll;

Mazelis & Creveling, 1974; Rena & Splittstoesser, 1975), alga Chlorella vulgaris
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(McNamer & Stewart, I974) and anaerobic bacterium Clostridium sp. (C. botulinum,

Costilow & Laycock, 1969; C. sporoger¿¿s, Costilow & Cooper, 1978). In vitro, this

reaction proceeds under alkaline pH (above 10) and is reversible (P5C is reduced to

proline). It has been shown that the optimal pH for proline oxidation can be lowered

significantly, to pH 7.2, by removal of the reaction product, P5C, from the reacting

mediumby reaction of P5C with o-aminobenzaldehyde (Costilow & Cooper, 1978).

The diversity in molecular weights and cofactor specificities displayed by the proline

dehydrogenases isolated from different organisms and tissues suggests the existence

of several isozymes.

2.3.2.2 Regulation of proline-P5C catabolic pathway

The bi-functional degradative enzyme, proline dehydrogenase and P5C

dehydrogenase (Pro/P5C-DH), oxidising proline to glutamate in procaryotes is

encoded by a single PutA gene located at minute 22 on the genetic maps of E. coli

(Wood, 19S1) andsalmonellatyphimurium (Sanderson & Hartman,l978:. Menzel &

Roth, 1981a). In addition to its cafalytic function, Pro/P5C-DH protein plays a

regulatory role in proline degradation through repression of the PutA and PutP genes

(PutP codes for a proline transporter) (Menzel & Roth, 1981b; Wood &. Zadworny,

1979). Since the oxidase reaction of the PutA prodlct depends on a functional ETC,

physical interaction of ProÆ5C-DH with specific sites on the ETC is necessary.

Binding of proline to the Pro/PSC-DH may promote its association with the

membrane. The model proposed for proline catabolic pathway regulation in E. coli

and S. typhimuriumthatonce Pro/P5C-DH-specific sites on the respiratory membrane

are saturated, excess ProÆ5C-DH (not membrane bound) acts as a autoregulatory

repressor of the Put genes at the transcriptional level (Menzel & Roth, 1981b; Maloy

& Roth, 1983; Wood, 1981; Wood et a1.,1987).
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Both enzymes in the S. cerevisiae proline catabolic pathway [proline oxidase, product

of the Putl gene (Wang & Brandriss, 1986, l98l) and P5C dehydrogenase, encoded

by the Put2 gene (Brandriss & Krzywicki, 1986)l are induced by the substrate,

proline. This induction is mediated through a positive activator protein, the product of

the Put3 gene, whose expression is necessary for proline utilisation (Brandriss &

Magasanik,l979a, I919b; Brandriss, 1987). It is proposed that Put3 is part of a

DNA-binding protein complex containing proline responsive elements which binds to

the upstream activation sequences of Putl and Put2 promoters thereby only allowing

for transcription in the presence of proline (Siddiqui & Brandriss, 1988, 1989;

Marczak & Brandriss, 1991; Des Etages et al., 1996; Regenbeberg et al., L999;

Huang & Brandriss, 2000).

There is no comprehensive account of the regulation of proline catabolism in animals

or plants. However, research indicates that proline degradation in animals is regulated

by the energetic state of the cell, particularly by .factors controlling electron flow

through the ETC (Hansford & Sacktor, l97O; Phang et aL, I9l9). In plants, proline

catabolism is sensitive to osmotic stress (Boggess et a\.,I976; Schobert & Tschesche,

1978) but the precise mechanism of its control has not been elucidated.

2.3.2.3 The ô-amino-valerate pathway

Certain species of anaerobic bacteria from the genus Clostridium can utilise proline as

the final electron acceptor in a redox reaction between two amino acids (Stickland

reaction). Proline acts here as an oxidant and is reduced to the ô-amino-valeric acid

which can then be further metabolised for use as a nitrogen and energy souice (Seto &

Stadtman, 1916). The proline, acting as a final electron sink, plays a significant role

in the anaerobic metabolism of many amino acids (Barket et a1.,1987).

The first step in L-proline reduction involves its conversion to the D-isomer by the

proline racemase (Figure 2.2, Reaction 9; Stadtman & Elliott, 1957; Keenan &
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Alworth, lg74). The D-proline ring is then reductively cleaved to ð-aminovalerate by

proline reductase (Figure 2.1, Reaction 10; Arkowitz et al., 1994). Proline reductase

is a membrane-bound protein composed of 10 subunits of 30 kD each. The enzyme is

a selenoprotein containing covalently bound pyruvyl groups which are necessary for

the enzyme's catalytic function. It is postulated that the carbonyl group of pyruvate

forms a Schiff base with the nitrogen of proline, thus allowing for a nucleophilic

displacement at the cx-carbon (Hodgins & Abeles, 1961, 1969; Seto & Stadtman,

1976; Seto, 1980). Under physiological conditions, NADH is the primary electron

donor for the proline reductase. However the transfer of reducing equivalents is not

direct but occurs sequentially through two membrane associated electron carriers,

FAD-containing NADH dehydrogenase and an Fe-protein (Seto, I9l8; Schwartz &

Muller, 1979; Arkowitz et al., 1994). No studies have been carried out concerning

the mechanisms of regulation of the proline reduction pathway.

2.4 Developing \trine yeast

Present laboratory and industrial (baking, brewing, distilling and wine) strains of the

species Saccharomyces cerevisiae where selected from organisms naturally occurring

on the grape skins. The ability to ferment sugar was a primary criterion in their

selection (Kunkee & Goswell, 1977; Kreger van Rij, 1984). Early studies of the

genetics and life-cycle of .S. cerevisiae (Winge, 1935; Lindegren, 1943; Winge &

Roberts, 1958) revealed haploid and diploid stages and two mating types, Mat a and

Mat a. The genomes of laboratory strains are heterothallic, haploid possessing either

Mat a or Mat g characteristics. Diploids are formed when cells of opposite mating

type fuse. Homothallic strains arise when this fusion occurs between cells derived

from a single spore. Homothallism is conferred by a dominant allele (HO) of a single

gene and heterothalism by its recessive counterpart (Harashima er al., 1914;

Herskowitz & Oshima, 1981). Haploid state of laboratory yeast simplifies studies of
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life processes at the molecular and metabolic level. Industrial yeast however, lack a

specific mating type, are diploid or polyploid, rarely reproduce sexually and when

they do, their spores are characterised by low viability (Fowell, 1969; Anderson &

Martin, l9l5). By conferring stability against mutation and recombination (Kielland-

Brandt et aL, 1983; Panchal et al., 1986) or influencing fermentation through a high

dosageof desiredgenes(Stewart etaL,1981), thepolyploidstateis of benefittothe

industrial application of such strains but it also makes analyses of industrial traits and

genetic improvement of strains difficult.

2.4.L Classical genetic techniques for yeast development

A number of genetic techniques can be employed to confer desirable features in S.

cerevisiae. Clonal selection is a technique, which involves screening of clones

derived from a single cell for the characteristic of interest. Here natural genetic

variation, which may arise through mutation or mitotic recombination, is exploited.

This variation may be enhanced through the application of mutagenesis. The most

commonly used mutagens with wine yeast are IJV and X rays, ethyl methane

sulfonate, N-Methyl-N-nitro-N-nitrosoguanidine, N-nitrosourea and diethylstilbestrol

(Tubb & Hammond, 1987). Several desirable characteristics has been enhanced using

clonal selection and selection after mutagenesis. These include wine yeasts that are

non-foaming (Ouchi &. Akiyama, I91I; Eschenbruch & Rassell, 19'75), have

improved ethanol tolerance (Brown & Oliver, 1982), reduced IlS production (Rupela

& Tauro, 1984), and the ability to lower the fusel oil content of wine and distilled

beverages (Rous & Snow, 1983), or brewing yeast with increased flocculation and

diacetyl producing abilities (Molzahn, 1977). Mutagenesis has the potential to disrupt

or eliminate undesirable characteristics and to enhance favourable properties in

industrial yeasts. However, this process is limited as the mutagen treatment often

produces additional mutations to the one of interest and these may be undesirable.
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Fusion of the Mat a and Mat cr in a conventional crossbreeding produces heterozygous

diploid hybrids with possibly new, desirable, genetic characteristic. Recombinant

progeny are recovered by sporulating the diploid and recovering the haploid

ascospores. Undesirable characteristics are removed by backcrossing. Crossbreeding

has been used to introduce the killer characteristics into sake (Ouchi & Akiyama,

1976) and wine (Hara et al., 1980) yeast and to produce a flocculent, non-foaming

wine yeast with high ethanol production and a high fermentation rate (Romano et al.,

1985). The fact that wine yeasts are generally homothallic however, limits the use of

crossbreeding.

A non-mating polyploid strains can be forced to produce hybrids with Mat a or Mat cr.

In this procedure, known as rare mating, a large number of cells of the parental strains

are mixed together and a positive selective pressure is applied to identify the rare

hybrids (Gunge & Nakatomi, I97l). Rare mating can be used to construct "true"

hybrids in which nuclear and cytoplasmic characters are introduced from the donor

strain, or for cytoduction , a rare form of hybridisation whereby cytoplasmic genetic

elements, or just one or two nuclear chromosomes are transferred into the industrial

strain (Conde & Fink, 1976). The rare-mating technique was used to construct killer

yeast for the beer (Hammond & Eckersley, 1984) and wine (van der Westhuizen &

Pretorious, 1989) industries as well as flocculent wine yeast strains (Thornton, 1985;

Vezinhet et a1.,1992).

Another technique that is used in asexual crossbreeding between non-mating

commercial yeast strains is spheroplast fusion. The yeast cell wall is removed by a

lytic enzyme, spheroplasts from different strains are fused together and allowed to

regenerate their cell walls on an osmotically stabilised agar medium (van Solingen &

van der Platt,1977). Brewing yeast able to ferment dextrins (Freeman, 1981; Russell

et a1.,1983), or with improved tolerance to ethanol (Seki er aI., 1983) and baker's
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yeast able to utilise starch (Bortol et al., 1988) have been created by the spheroplast

fusion technique.

2.4.2 Recombinant DNA technology

The genetic techniques described in the preceeding section have a limited potential to

create new strains with a markedly different genetic character. This is because these

procedures are conceffted with the modification and/or abolition of existing genetic

traits or the reassortment of a limited pool of genetic variation. In contrast,

recombinant DNA technology, coupled with transformation allows for construction of

novel strains by the controlled introduction of a wide variety of new genes and enables

the directed modification of existing genetic traits.

2.4.2a Recombinant techniques

Ð plasmíd basícs

The first yeast transformation was conducted by Hinnen et al. (1978) who designed a

protocol to introduce DNA into cells by enzymatically altering the permeability of the

cell wall. Since then, alternative protocols involving chemical treatments with alkali

metal salts (Ito et al., 1983, 1984; Brzobohaty & Kovac, 1986), formation of

spheroplasts (Burgers & Percival,1981) and electroporation (Hashimoto et al., 1985;

Delorme, 1989; Simon & McEntee, 1989) have been developed.

Once the DNA is introduced, an important aspect of transformation is the ability to

stably maintain the foreign DNA within the host. Consequently, DNA to be

introduced into host cells, needs to be incorporated into a transport vehicle or vector to

ensure stable inheritance. In general, two major types of DNA vectors are employed

for the introduction of foreign DNA into yeast cells. These are autonomously

replicating and integrating vectors. Autonomously replicating plasmids contain

sequences, which allow them to replicate independently of the nuclear genome. They

are usually found in high copy number within a host but are generally mitotically

unstable. Integrating vectors involve site-specific integration of the vector into
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chromosomal DNA mediated by homologous recombination, resulting in high

heritable stability at low gene dosage.

These fundamental plasmid frameworks have been the basis for subsequent

development and enhancement of vector design. For example, improved stability of

autonomously replicating plasmids was gained by the cloning of the yeast centromeric

region (Clark & Carbon, 1930). Subsequent addition of telomeric sequences by

Murray and Szostak (1983) led to the development of yeast artificial chromosomes.

As a consequence, DNA of several hundred kilobases can now be cloned. For

comprehensive information of available yeast vectors and the particular sequences they

comprise refer to reviews by Parent et al. (1985), Ausubel (1987), Bitter et al. (1987)

and Rodriguez andDenhardt (1988).

iÐ selectable markers

Another feature of yeast vectors includes sequences, which allow selection of the few

cells that have incorporated the vector. Common selective sequences for laboratory

yeast are prototrophic markers such as LEU2, URA3, TRPI and HIS3 which

complement recessive auxotrophic mutations in the host strain (Beggs, 1978; Struhl &

Davis, 1980; Tschumper & Carbon, 1980; Rose et aL, 1984). However, dominant

selectable markers are generally used for transforming industrial yeast strains due to

their polyploid state. Common dominant selectable markers frequently used in the

genetic manipulation of industrial strains are hygromycin B resistance encoded by a

bacterial phosphotransferase gene (Gritz & Davies, 1983; Kaster et al., 1984), the

G418 antibiotic resistance gene (Webster & Dickson, 1983) and the chloramphenicol

resistance gene (Cohen et al., 1980; Hadfield et aL, 1986) encoded by E. coli

transposons (Jimenez & Davies, 1980; Webster & Dickson, 1983), as well as the

copper resistance gene (CUPI) of Saccharomyces (Fogel & Welch, 1982; Butt et al.,

1984 Henderson et a1.,1985; Enari et a1.,1987).
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iii) protnoters

Early expression work focused on the use of strong constitutive promoters

(particularly those derived from the yeast glycolytic genes) to produce a high level of

product. Examples are: alcohol dehydrogenase ADHI (Hitzeman et aL, 1981;

Bennetzen & Hall, 1982a), phosphoglycerate kinase PGK (Dobsoî et al., 1982; Tuite

et al., 1982) and glyceraldehyde-3-phosphate dehydrogenase GAPDH (Holland &

Holland, 1980; Bitter & Egan, 1984). For further information, Shuster (1989) has

reviewed the use of these glycolytic promoters in the expression of heterologous

proteins in yeast.

Although aiming for a strong promoter is a frequent goal, the need for promoter

control or adjustment of promoter activity can become quite appafent. High

expression levels may be desired. However, the synthesis of a cloned gene can place

additional stress on the cells. This can result in lower growth rates, biomass yield and

can reduce overall productivity. Often the detrimental effects of high expression

outweigh the positive effects of increasing the gene transcripts. To reduce the

negative effects of cloned gene expression, plasmids with regulated promoters may be

employed.

Amongst the most tightly regulated promoters of S. cerevisiae are those of the

galactose regulated genes, GALI, GALT andGALL). These genes are involved in

the metabolism of galactose, their promoters being strongly repressed in the presence

of glucose (St John & Davis, 1981). Other regulated promoters include that of the

acid phosphatase gene (PHOï), which is regulated by inorganic phosphate

concentration (Bostian et al., 1980b; Meyhack et aI., 1982) and the alcohol

dehydrogen ase 2 (ADH2) promoter, which is repressed in the presence of high

glucose and switched on in low glucose concentrations (Beier & Young, 1982; Beier

et a|.,1985).
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Although there are significant advantages with the use of regulatable promoters, their

use may be constrained as a result of the nature of the genes to be expressed or the

expression conditions. More recently, hybrid promoters have been constructed for the

expression of heterologous proteins in yeast. These take advantage of the intrinsic

strength of constitutive promoters as well as the modulation of gene expression that is

conferred by regulated promoters. The validity of this technique was established

when Guarente et at. (1982) showed that the UAS of the GALL} promoter could

confer galactose inducibility on the CYCI promoter when inserted upstream of the

CYCL mRNA initiation start site. The hybrid promoter showed inducibility in the

presence of galactose but selection studies showed that overall transcription levels

from the hybrid were determined by CYCI function. That is, hybrid promoters

display the desired properties of each of the promoter components used. Other

examples of hybrid promoters include: ADH/GAPDH (Cousens et al., 1981;

DeBaetselier et a1.,1991), PHO\/GAP (Rink et aI., 1984; Hinnen et al., 1989) and a

temperature regulated promoter based on the mating type expression system

(Sledziewski et a1.,1988; Kobayashi et a1.,1990).

iv) terminators

Yeast transcription terminators are also usually present in expression vectors for

efficient mRNA 3' end formation. Transcription termination signals are necessary for

termination of transcription, cleavage of the 3' end and subsequent polyadenylation.

Terminators from a number of genes have been used in expression vectors: TRPL

(Hitzeman, 1983), ADHI (Urdea et a1.,1983) and GAPDH (Rosenberg et al., 1984).

v) targeting sequences

Finally, once a sequence has been expressed it may be desirable fbr the protein to be

secreted. This requires the presence of a signal sequence to direct the protein product

through the secretory pathway. In secretion vectors, the secretion signal sequence is

found downstream to the promoter and preceeding the foreign gene to be expressed.
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Some mammalian proteins have been secreted from yeast using their signal sequences

(Kingsman et aI.,19S5b). However, it is generally observed that the efficiency of

secretion is low and the processing at the signal sequence can be variable (Kingsman

et a1.,1988). Heterologous protein secretion is often more efficient when secretion

signals from yeast are used. A number of secretion vectors based on yeast signal

sequences have been constructed. The leader peptide sequence of the Ct mating

pheromone (Bitter et al., 1984; Ernst, 1988) and the killer toxin of S. cerevisiae

(Skipper et al., 1985; Cartwright, 1992) have been extensively used in vectors to

secrete homologous and heterologous gene products in yeast.

2.4.2b Industrial applications of recombinant technology

The influence of recombinant DNA technology on the beer and wine industries is

rapidly growing. Thanks to these techniques, progress in understanding of the

biochemistry and physiology of industrial yeast strains is rapid. Through the

disruption and/or introduction of genes of interest the process of fermentation can be

optimised with regard to the parameter (cost reduction, flavour, aroma, etc.) of

concern. The following section lists selected areas which have been targeted by

recombinant DNA technology.

Some strains of S. cerevisiae prodlce several types (classified into Kl, KZ and

K3 groups) of protein toxins, which kill sensitive strains of the same genus and,

less frequently, strains of different genera (Bevan & Makowet, 1963; Young &

Yagiu, I978;Tipper & Bostian, 1984). Killer proteins and the immunity to them

are encoded by double stranded RNA plasmids (Bostian et aI., 1980a). By

cloning and expressing genes for the K1 protein in a K2-producing yeast, a

modified Kl-K2 strain was developed with a broad competitive advantage over

a
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sensitive and killer strains of S. cerevisiae withott loss of the strains desired wine

making characteristics (Boone et a|.,1990).

o Flocculation is an ability of certain S. cerevisiae strains to agglomerate to form

flocs, which precipitate to the bottom of the fermentation vessel. This feature

greatly assists in the removal of the yeast from the ferment reducing and/or

eliminating the need for centrifugation, use of fining agents and decreasing

settling time after completion of fermentation. The condition is encoded by a

number of genes (Stratford, 1992), with the dominant flocculation gene, FLOL,

necessary for the presence of the trait (Johnson & Reader, 1983; Watari et al.,

1994a;Bidard et a1.,1995). The mechanismof flocculation is under study. It is

understood however, that cell-cell recognition through lectin-like binding of

surface proteins to cell wall polysaccharides is involved (Miki et al., 1980, 1982;

Stratford & Brundish, 1990). The FLOI gene has been introduced by

chromosomal integration under the control of the ADHI promoter into a non-

flocculent brewers' yeast resulting in a flocculant transformant strain (Watai et

a1.,1989; Watari et al.,l994b).

o In brewers' wort, up to 20 percent of the sugar is present as dextrin, which is

non-utilisable by S. cerevisiae. To produce a low carbohydrate beer, the enzymic

conversion of dextrin to glucose, can be effected by addition of amyloglucosidase

to fermenting wort. Several species of fungi (Aspergillus niger [Yocum, 1986],

Aspergillus awamori [Nunberg et aI., 19841, Schwanniomyces occid.entalis

[Lanchashire et aI., 1989], Saccharomyces cerevisiae var. diastaticus [Pretorius

& Lambrechts, 19911) synthesise extracellular glucoamylases capable of dextrin

and starch hydrolysis. A number of glucoamylase genes have been cloned and
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successfully expressed in S. cerevisiae leading to the glucoamylase secreting

strains (Innis et a1.,1985;Meaden & Tubb, 1985; Yocum, 1986).

o The haze forming polysaccharide, p-glucan is often encountered in wort and

musts wherein it impairs fermentation and affects the commercial quality of the

product. This is often corrected by addition of B-glucanases during fermentation

(Aschengreen, 1987). By cloning the B-glucanase structural gene from the

fungus Trichoderma reesei and introducing it into an S. cerevisiae brewing strain,

it was possible to produce beer with improved filterability, decreased viscosity

and lower B-glucan levels (Arsdell et a\.,1987; Enari et a|.,1987).

o Saccharomyces cerevisiae is also being used for producing non-yeast proteins

applicable in the pharmaceutical field. Hinchcliffe et aL (1987) genetically

modified brewing yeast strain to produce human serum albumin, which is

collected from accumulated yeast biomass after completion of fermentation.

o The quality of a finished product of fermentation, beer or wine, is a result of the

complex chemistry associated with this process. Many metabolic products of

yeast biochemistry and compounds present in wort or must have an influence on

the aroma and taste of these beverages. Thanks to recombinant DNA technology,

synthesis of these compounds can be controlled with increasing precision.
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o The occurïence in beer of diacetyl, an intermediate of valine biosynthesis, is

undesirable. Its removal results in increased production costs. A bacterial cx-

acetolactate decarboxylase gene (encoding an enzyme which convefts the diacetyl

precursor cr-acetolactate to acetoin) has been introduced into brewing yeast to

reduce diacetyl levels. Fermentation tests showed that the transformants

produced reduced levels of diacetyl without any effect on the other characteristics

of the beer (Sone et a\.,1987; Suihko et al., 1989; Frtjli et al., 1990).

o Flavour of wine is noticeably changed by malolactic fermentation (decarboxylation

of t-malate to Llactate by bacteria), through the reduction in acidity and the

products of the bacterial fermentation (Kunkee & Goswell, 1917). However,

malolactic fermentation is difficult to conduct due to poor growth of lactic acid

bacteria in fermenting wine (I-autensach & Subden, 1984). This challenge was

partly overcome by cloning a malolactic gene from Lactococcus lactis and its

expression from a multicopy plasmid under the control of ADHL promoter. The

transgenic S. cerevisiae strain produced significant amounts of lactate during

fermentation. The limiting step however, for S. cerevisia¿ in achieving malolactic

fermentation, is malate transport (Ansanay et al., t993, 1996; Denayrolles et al.,

1e95).

o The aromatic fragrance of wine is partly caused by monoterpenes present in the

must, which exist as free volatile forms or as glycosidically bound non-volatile

precursors (Williams et aI., 1982). Sugar-bound monoterpenes may present a

potential source of new flavours upon hydrolysis. Perez-Gonzalez et al., (1993)

introduced and expressed a fungal B-(1,4)-endoglucanase gene in wine yeast.
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The transgenic strain produced enzyme which hydrolysed monoterpenyl

glycosidic bonds in must producing a wine with increased fruity aroma.

o In beer production, sulfite plays a role in stabilising flavour through the formation

of adducts with aldehydes (Dufour, l99I). This compound is also widely used

as an antioxidant in food production (Meilgaard, 1975). However, brewers yeast

often produce inadequate amounts of sulfite requiring its addition (Brewer &

Fenton, 1980). In S. cerevisiae, several enzymes are involved in the synthesis of

sulfite from its precufsor, inorganic sulfate. Sulfite, in turn, Serves aS a

precursor for synthesis of cysteine, methionine and S-adenosylmethionine

(Thomas et al., 1990; Mountain et al., l99I). By partial elimination of the

METL7 gene, coding for a subunit of sulfite reductase, Hansen & Kielland-

Brandt (1996) developed a S. cerevisiae strain with a decreased ability to reduce

sulfite to sulfide and therefore increased sulfite accumulation. Beer produced

\ /ith this strain showed increased flavour stability.
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Chapter 3

General studies of l--proline utilisation as a nitrogen source

under aerobic and anaerobic conditions by yeasts

3.1 Introduction

Early investigations on the behaviour of amino acids during malt fetmentation with S.

cerevisiae carried out by Jones & Pierce, (196Ð; Jones et al., (1969); Duteurtre et al.,

(197I) and later by Horak & Kotyk, (1986), showed that significant utilisation of l-

proline from the fermenting medium occurred only after exhaustion of other nitrogen

containing compounds and when the medium was well aerated. V/hen anaerobic

conditions were applied, the concentration of t-proline remained largely unchanged

throughout the fermentation, even after the complete disappearance of the other

nitrogen sources. However, when proline was provided as the sole nitrogen source to

yeast grown under anaerobic conditions, it's accumulation within the cell was rapid

before declining to a plateau phase (Schwencke & Magana-Schwencke, 1969;

Duteuftre et al., I91l). These observations led to the postulate that the observed

inability to utilise L-proline by yeast under anaerobic conditions is caused by a

deficiency in proline catabolism rather than transport. This was confirmed by several

studies which demonstrated that L-proline catabolism is governed by the availability of

molecular oxygen and the transport of r-proline is subject to regulation controlled by

the quality ôf other nitrogenous compounds present in the fermenting medium (refer to

Sections 2.2.2 and 2.3.2).

To date, studies of I--proline transport by S. cerevisiae were carried out using bakers'

or beer fermenting yeasts under laboratory conditions. The characteristic of wine

fermentation with its low pH, high sugar concentration and anaerobiosis, makes it a

unique environment for yeast. For this reason, information pertaining to yeast
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physiology obtained from other fermenting media or laboratory studies are not

necessarily applicable to winemaking.

The following series of experiments were designed to examine several aspects of t-

proline biochemistry in a commercial wine making strain of S. cerevisiae gtown under

aerobic and strict anaerobic conditions. These included proline uptake, proline

catabolism and the yeasts ability to utilise compounds resulting from L-proline

catabolism as nitrogen sources. Experiments were carried out in a fully defined

synthetic grape juice medium. A number of S. cerevisiae strains and other species of

yeast were also tested for their ability to utilise proline as a nitrogen source under

anaerobic conditions.

3.2 Materials and methods

3.2.1 Yeast strains and maintenance

The yeast Saccharomyces cerevisiae strain AWRI 796, obtained from The Australian

'Wine Research Institute yeast culture collection, was used in experiments involving L-

proline transport, catabolism and for investigations involving compounds of proline

biochemistry. It is a widely used strain for the commercial production of wine and is

characterised by low H2S and SO2 production and the possession of the K2 killer

activity. The list of S. cerevislø¿ strains and other yeast species tested for the ability to

catabolise L-proline under strict anaerobic conditions is presented in Table 3. 1.

Cultures were stored at 40C on slopes of MYPG medium (malt extract, 3 glI-; yeast

extract, 3 glL;peptone, 5 dl-; glucose, l0 glL;agat,20 glI-) and were subcultured

every three months.

3.2.2 Culture medium

A synthetic gfapejuice medium (SM) was used in all experiments (Jiranek, 1992).

This medium approximates the composition of typical grape juice and contains per

liter: glucose, 200 g; I--malic acid,3 gl Potassium hydrogen tartrate, r.t t', MgSO4,
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L23 g; K2HPO4, Ll4 g; CaCl2, 0.44 g; citric acid, 0., t, myo-inositol, 100 mg;

pyridoxine lFrcl, 2 mg; nicotinic acid, 2 mg; calcium pantothenate, 1 mg; thiamine-

HCl, 1 mg; p-amino-benzoic acid,0.2 mg; riboflavin, 0.2 mg; folic acid,0.2 mg;

biotin, 0.125 mg; MnC12, 198.2 ¡tg; ZnCI2, 135.5 ¡tg;FeCl2, 3I'96 pg; Co(NO:)z'

29.1 ttg; NaMoO4, 24.2 þg; CtCl2,13.6 tt"g; KIO3, 10.8 prg; H3BO3, 5.7 t g; 2 mL

of ergosterolÆween 80 solution prepared by mixing 100 mg of ergosterol with 5 mL

of Tween 80 and diluting to 20 mI- with hot ethanol. Depending on the experiment,

the medium was supplemented with specific nitrogen compounds. The medium was

adjusted to pH 3.5 with KOH and filter sterilized through a0.45 pm membrane.

3.2.3 Fermentation procedure

Starter culture medium, 30 mL, (yeast extract, IO g/L; peptone, 20 dl'; glucose, 20

g/L), contained in a 100 mL Erlenmeyer flask loosely plugged with cotton wool and

sterilized by autoclaving, was inoculated with a loopful of yeast taken from the MYPG

slope. The culture was incubatedat250C for 16 hours with shaking (150 rpm) and

was used to inoculate 50 mL of a pre-experimental culture prepared from SM medium

to a density of 2 x 106 cells/ml. For aerobic experiments, media were sparged with

air using a pump and sparger. For anaerobic experiments, media were placed for a

minimum of 15 hours in an anaerobic hood (Coy Laboratory Products Inc., USA)

containing 57o hydrogen and 95%o nitrogen gas prior to the inoculation. In both

instances, cultures were grown with shakin g at 250C until cells reached late log phase

(approximately 19 hours). These cultures were used as an inoculum for all

experiments at a cell density of 5 x 106 cells/ml.

Fermentations were carried out in SM medium contained in 250 mL fermentation

flasks fitted with air locks to prevent contamination. Initial volume of medium was

200 mL. For aerobic experiments, media \üere constantly aerated. Anaerobic

experiments were carried out in the anaerobic hood. Anaerobic media were
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augmented with 1 mL of 0.17o Resazurin as an indicator of the oxidation state and

placed in the hood for at least 15 hours prior to the beginning of the experiment. AU

experiments were carried out at 250C.

3.2.4 Cell counts and data analysis

Fermentations were followed by withdrawing medium (0.5 mL) using a medical

syringe (volume 1 mL), vortexed and an appropriate dilution made. Cells counts were

preformed using a haemocytometer slide (Neubauer, Germany). All data points

represent mean values of at least three measurements unless otherwise stated.

3.2.5 Chemical analysis of fermenting media

Ammonium ion concentrations were determined by the enzymatic method obtained

from Boehringer-Mannheim and used according to the manufacturers instructions.

Amino aci.d concentrations, excluding proline, were determined using the HPLC

according to the method of Jiranek, (1992). L-proline concentrations were quantified

using a modification of the method described by Troll and Lindsley, (1955) preformed

as follows: 1.3 mL of fermentation sample was placed in a 1.5 mL Eppendorf tube

and the cells pelleted by centrifugation at 12 000 x g for 5 minutes. One millilitre of

supernatant was then transferred to a boiling tube (20 mm x 140 mm) which contained

3 to 5 glass beads. Fresh ninhydrin solution (5 mL, 2.5 g ninhydrin dissolved in 60

mL of acetic acid and 40 mL of 6M orthophosphoric acid by heating at 700C) and 5

mL glacial acetic acid were added to the boiling tube which was then thoroughly

mixed and covered with a glass marble to prevent evaporation. The boiling tube was

heated in a water bath for 60 minutes at 950C, cooled and shaken with 5 mL of toluene

to extract the red colour. Thirty minutes was allowed for the toluene and acid phases

to separate clearly and the optical density of the sample was read using a

spectrophotometermeter (Beckman, model DU-64) at 52O nm. Standard solutions

containing 0.0, 1, 2.5, 5, IO, 20,40 and 60 ttg L-proline were reacted at the same
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time as the experimental samples. Proline contents in the samples were calculated

from the standard curve.

3.2.6 Transport assay for ¡r¡11-"-proline

Cells were grown aerobically and anaerobically until late log phase in SM medium

supplemented with ammonium ions [(NH4)2SO4], arginine, glutamate, leucine,

threonine, alanine, tyrosine to a total concentration of 500 mg N/L. One hundred

millilitres of the prepared cultures were centrifuged at 10 000 x g and the cells washed

three times in SM medium free of the nitrogen source and starved for 15 minutes at

250C with shaking. The cells were then transferred to 150 mL of SM medium

supplemented with L-proline (500 mg N/L) as the sole source of nitrogen to which

[3H]-l--proline (Amersham) was added to give a final concentration of 0.5 ¡rCi/ml.

Samples (0.1 mL) were withdrawn at intervals, filtered through a 0.45pm filter

(Millipore) and washed with 10 mL of ice-cold, fresh SM medium free of radioactive

proline. The filter with cells was transferred to a scintillation vial containing 7 mL of

scintillation cocktail (ASC II, Amersham). Radioactivity was counted in a liquid

scintillation spectrometer (Packard, Tri-Carb 460 CD), prograÍìmed for quench

correction.

3.2.7 Protocol for screening yeast species capable of growth on L-

proline under anaerobic conditions

Several yeast species and strains of S. cerevisiae were tested for the ability to utilise r-

proline as the sole source of nitrogen under strict anaerobic conditions. Starter culture

medium (refer to Section 3.2.3) was inoculated with a loopful of a tested yeast

propagated on a slant. This was then used to inoculate SM medium prepared for

microbial growth under anaerobic conditions (refer to Section 3.2.3). Samples were

collected at intervals and the culture growth was monitored microscopically.
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3.3 Results and Discussion

3.3.1 Growth of S. cerevisiae AWRI 796 on L-proline as the sole

nitrogen source under aerobic and anaerobic conditions

Saccharomyces cerevisia¿ A'WRI 796 was able to utilise L-proline as a sole nitrogen

source when grown in well aerated culture medium. The external r--proline

concentration gradually decreased as the number of yeast cells increased (Figure

3.14). When compared to the three control nitrogen sources, ammonia, arginine and

tyrosine (Figure 3.18), growth on proline was slowest but resulted in the highest cell

number (3.9 x 108 cells/ml) with growth on aÍrmonia producing the lowest cell

number and the highest growth rate (3.3 x 10s cells/ml). 'When cultured under strict

anaerobic conditions the yeasts were not able to grow when L-proline was provided as

the sole source of nitrogen. No increase in cell number was observed and the L-

proline concentration of the medium remained unchanged throughout the experiment

(Figure 3.2^). Three other nitrogen sources supported growth of yeast under

anaerobic conditions with the final cell number reaching approximately 427o of that

obtained by cultures grown in well aerated medium. Similarly to the aerobic

conditions, yeast growth on ammonia was the fastest, however, final cell number was

less than those grown on the amino acids tested (Figure 3.28)'

The data compare well with previous studies on L-proline utilisation by S. cerevisiae

in which all investigated S. cerevisiae strains of bakers' (Horak & Rihova, 1982),

brewing (Jones, et a\.,I969;Duteurtre, et al., t91l) and wine (Bisson, 1991) yeasts

were unable to utilise L-proline as a carbon or nitrogen source when grown under

anaerobic conditions. Further studies elucidated that the necessity for molecular

oxygen is due to the requirement of this element by the first enzyme involved in

proline catabolism, proline oxidase. For its function, this enzyme requires the

oxidative respiratory transport chain (ETC), where it interacts with cytochrome c

(refer to Section 2.3.2). When grown aerobically, L-proline can be utilised only after

exhaustion of other nitrogen sources present in the medium (Schwencke & Magana-

Schwencke,lg6g; Duteurtre et al., l97I). This is the result of strong nitrogen
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Figure 3.L. Growth of S. cerevisia¿ AWRI 796 on (A) r-proline and (B) selected

sources ofnitrogen under aerobic conditions.

Cells were grown in SM medium at 250C in well aerated and shaken 250 mL

fermentation flasks. Initial concentration of nitrogen in all experiments was 700 mg

N/L.
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Figure 3.2. Growth of S. cerevlsia¿ AWRI 796 (A) on t-proline and (B) selected

sources of nitrogen under strict anaerobic conditions.

Cells were grown with shaking at250C in a 250 mL fermentation flasks containing

SM medium equilibrated with the atmosphere of 5Vo hydrogen and 957o of nitrogen

gas in an anaerobic hood. Initial concentration of nitrogen was 700 mg NlL.
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catabolite repression of both specific and general r--proline transporters in S.

cerevisiae by amino acids and ammonium ions (refer to Section 2'2.2).

The strict requirement for molecular oxygen associated with L-proline catabolism has

been described for all animal tissues and most microorganisms studied. Interaction of

proline oxidase with the ETC occurs at different levels depending on the organism in

question. It is understood that in plants L-proline can be degraded via two pathways.

One involving oxygen-requiring mitochondrial proline oxidase and the other through

NAD(P)-linked cytosolic proline dehydrogenase (Adams & Frank, 1980)'

Proline is the only amino acid requiring oxygen for its catabolism by ,S. cerevisiae.

These microorganisms can degrade other amino acids and nitrogen-containing

compounds under anaerobic conditions.

3.3.2 Uptake of L-proline by cells of S. cerevisiae AWRI 796 under

anaerobic and aerobic conditions

In light of the above findings the transport of L-proline by yeast under well aerated

and strict anaerobic conditions was examined. t-proline was provided as the sole

nitrogen source. It was found that the rate of [3H]-r-proline accumulation by the S.

cerevisiae AWRI 796 was the same under both, aerobic and anaerobic conditions

(Figure 3.3.). Transport of proline, as measured by the rate of its infracellular

accumulation, was linear and proportional to the duration of the experiment.

The ability of S. cerevisiae to accumulate proline at similar rates under anaerobic and

aerobic conditions when proline was provided as a sole source of nitrogen was

reported earlier (Schwencke & Magana-Schwencke, 1969; Duteurtre et aI., l9lI).

Similarly, other proteogenic amino acids and a range of substrates serving as energy,

carbon and/or nitrogen sources are transported by yeast to the same extent under these

two growth conditions. These compounds are symported into the cell with H. ions by

secondary active carriers driven by the electrochemical potential gradient of protons
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Figure 3.3. Intracellular [3H]-l--proline concentration (counts per minute) in S

cerevisiae AWRI796 grown under aerobic and anaerobic conditions.

Cells were grown aerobically or anaerobically, as described in Materials and Methods,

at250C in 150 mL of SM medium with 500 mg N/L as t-proline and 0.5 ¡rCi/ml of

[3H]-l--proline. 0.1 mL of cell suspension was withdrawn every two minutes, filtered

through a0.45 pm filter and washed with 10.0 mL of ice-cold SM medium free of

radioactive proline. Each point represents the mean of five estimates. Statistical

analysis of data was preformed using Test for Equality of Slopes of Several

Regression Lines (Sokal & Rohlf, 1981).
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(Apn*).This gradient is generated through active pumping of H+ ions by the plasma

membrane H+-ATPase (Grenson & Hennaut, I97I; Cooper, 1982b). Experiments

with respiratory-deficient mutants of S. cerevisiae (Sigler et a\.,1980, 1981a, 1981b)

showed that the energy derived from glycolysis alone can generate sufficient Apn*

and its value is not significantly influenced by the anaerobic conditions. That yeast

grown under anaerobic conditions transport this imino acid by the glycolytically

derived Apu* is supported by the following observations: alkalification of a yeast

suspension upon the addition of proline (Seaston et. al., I9l3), abolition of transport

by compounds interfering with ATP synthesis, such as sodium azide (Magana-

Schwencke & Schwencke, 1969) and the correlation between intracellular ATP levels

and proline accumulation (Horak & Kotyk, 1986)'

Similarly in E. coli (Klein & Boyer, I9l2;Kobayashi et aL, 1974; Kayama-Gonda &

Kawasaki, 1919; Mogi & Anraku, I984a, 1984b, I984c; Chen et al., 1985),

Streptococcus faecalis (Asghar et al., 1973) and Chlorella vulgaris (Cho & Komor,

1983) where the energetics of proline transport has been investigated in some detail,

the rate of uptake of this imino acid under aerobic and anaerobic conditions was

similar. In these microorganisms, as is apparently the case with yeast, proline

transport is associated with the depolarisation of the membrane potential, is sensitive

to inhibitors of membrane-bound H+-ATPase and can be driven by the metabolic

energy derived from glycolysis.

3.3.3 Uptake of t -proline by S. cerevisiae A\ryRI 796 from a medium

containing other nitrogen bearing compounds

The following experiments were designed to investigate the behaviour of S. cerevisiae

A\ryRI J96 towards L-proline in the presence of other sources of nitrogen in a

synthetic grape j uice medium.
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Firstly, it was established that the minimum nitrogen demand for this strain to

completely ferment 200 glL of glucose under aerobic conditions at 250C was 165 mg

N/L, whereas 700 mg N/L provided optimal growth resulting in the highest cell

number and rate of sugar utilisation. The previously reported values for nitrogen

requirement of different strains of S. cerevisiae vary greatly depending on the strain

used and the conditions under which fermentation was carried out. Nevertheless 140

to 175 mg NIL has been reported to be the minimal value and from42O to 878 mg NIL

is required for maximal fermentation rates (Agenbach, 1977; Bely et al., 1990;

Jiranek, 1992). Thus the demand for nitrogen of S. cerevisiae AWRI 796 lies at the

upper end of the amount of nitrogen required for fermentation.

When a limited amount of nitrogen was provided in the form of ammonium salt (50

múL) or selected amino acids, such as arginine, glutamate, alanine and tyrosine,

which constitute the bulk of nitrogen contained in a typical grape juice, it was found

that the uptake of proline occurred only after significant depletion of these nitrogen

sources (Figure 3.48, 3.5 and 3.6). This suggests that, under the experimental

conditions, transport of proline by the yeast strain A\ryRI 796 was repressed by the

ammonium and amino acids tested. Derepression of proline uptake was associated

with a marked decrease in the external concentration of assimilable nitrogen other than

proline. Some uptake of proline was observed at the beginning of the stationary phase

when an excess of nitrogen was supplied in the form of ammonium ions (Figure

3.44). In contrast to proline, several other amino acids analysed were co-transported

by yeast and their uptake was insensitive to the presence of ammonium ions (Figure

3.5 and 3.7).

Yeast transport L-proline with the low and high-affinity transport systems (refer to

Section 2.1.2). The unique feature of these transporters is that both are trans-inhibited

by a number of amino acids and are sensitive to ammonium ions (Magana-Schwencke

& Schwencke, 1969; Brandriss & Magasanlk, I979a, 1979b; Lasko & Brandris,

193l). Consequently, proline is absorbed last from the fermenting medium. This has
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Figure 3.4. Concentration of t-proline in relation to the concentration of

ammonium ions in a medium supporting growth of S. cerevisiae AWF.I796.

Cells were grown aerobically and with shaking at 25oC in SM media supplemented

with (A) 700 mg NIL as NHa plus 500 mg N/L as t--proline and (B) 50 mg N/L as

NIIa plus 500 mg N/L as L-proline.
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Figure 3.5. Course of changes in r-proline concentration during growth of S

cerevisiøe AWRI 796 inthe medium containing other amino acid nitrogen sources.

The initial total nitrogen concentration excluding t-proline was 60 mg NiL.

Concentration of nitrogen as L-proline was 700 mg NlL. Growth conditions were as

described in Figure 3.4.
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Figure 3.6. Rate of [3H]-r-proline accumulation in relation to the extracellular

concentration of assimilable nitrogen by S. cerevisia¿ AWRI 796'

Yeast wefe grown aerobically at 250C in SM medium. Nitrogen source and

concentrations were as shown in Figure 3.5. Radioactive proline was estimated

following the procedure described in materials and methods and Figure 3'3.
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Figure 3.7. Utilisation of ammonium ions and selected amino acids supplied as a

nitrogen source during fermentation of SM medium by S. cerevisiae AWRI 796.

Experimental conditions were as described for Figure 3'4'
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been observed for both, brewing (Harris & Merritt, 1961; Jones & Pierce, 1964; Rose

& Keenan, 1981) and wine yeasts (Bisson, 1997; Jiranek, 1992).

It is interesting to note that some transport of proline occurred at the end of log phase

and at the beginning of the stationary phase of growth even when excess nitrogen was

supplied in the form of NHo. A similar observation was made by Horak & Rihova

(l9SZ) with a strain of bakers' yeast. This late derepression of proline uptake is

difficult to explain on the basis of the data obtained. It is possible that with time,

inhibition of proline transport is relaxed, especially when the external proline

concentration is high. Such derepression would enable proline to be transported and

perhaps used directly for protein synthesis or storage. Uptake of exogenous proline

would present an energetically more favourable altemative to de novo synthesis of

proline.

It has been observed that the order of absorption of nitrogen containing compounds,

largely amino acids, either from fermenting wort (Jones & Pierce, 1964) or must

(Jiranek, 1992), bears close similarity for a number of S. cerevisiae strains. Based on

the time of their uptake from fermenting medium, these compounds were assembled

into four distinctive groups (Table 2.2). When yeast utilise a compound as a nitrogen

source, the energetics associated with transport and liberation of the nitrogen moiety

from that compound plays a critical role in the preference for its utilisation. For this

reason compounds such as ammonium ions, glutamate, glutamine or arginine (Group

A) are prefened over phenylalanine (Group B) or glycine (Group C). Ammonia,

glutamate and glutamine lie at the core of nitrogen metabolism in yeast (refer to Figure

2.1) whereas arginine provides four nitrogen atoms per co-transported proton. In

contrast, phenylalanine and glycine require two protons for their transport. This

represents an energetically less favourable nitrogen source as the yeast cell must

extrude excess protons in order to avoid acidification. Extrusion of a proton demands

utilisation of one molecule of ATP.
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In this light, proline presents a rather poor nitrogen source for yeast. Recovering the

nitrogen atom from proline involves an enzyme which requires a functional electron

transport chain, presence of molecular oxygen and possible energetic output

associated with the transport of proline into the mitochondria. The proton gradient

driven proline transport into the mitochondria has been reported for rat liver (Cybulski

& Fisher, 1917; Meyer, 1911) and mung bean (Cavalieri & Huang, 1980). Thus

multilevel regulation of proline transport and degradation by yeast ensures that this

imino acid is utilised as a last resort in its quest for nitrogen.

3.3.4 Growth of S. cerevisíae A\ryRI 796 on L-proline metabolites, A'-

pyrroline-5-carboxylate (P5C), ô-aminovalerate (AVA), D-proline and

L-glutamate

In yeast, as in all studied eukaryotes and most prokaryotes, catabolism of L-proline is

oxidative and proceeds to glutamate via P5C. In some anaerobic bacteria, however,

the D-proline ring is reductively cleaved to AVA. D-proline is formed from L-proline

by a racemase. In eukaryotes proline conversion occurs in mitochondria, whereas in

bacteria it is cytoplasmic (refer to Section 2.3.2).

Results showed that both, P5C and AVA supported yeast growth under anaerobic

conditions (Figure 3.8). The cultures grown on P5C and AVA reached the same cell

number at stationary phase, although the lag phase of cells grown on AVA was

extended compared to growth on P5C. For comparison, growth on glutamate closely

resembled that on P5C except for the lower final cell number for cells grown on

glutamate. The lowest cell number was observed with cells grown on NH4, these

however, exhibited the fastest growth. No growth on D-proline was observed.

This set of experiments was designed to investigate the ability of wine yeasts to utilise

two primary compounds resulting from proline catabolism, namely P5C and AVA, as

a sole nitrogen source under anaerobic conditions. Although the enzyme oxidising

46



Figure 3.8. Growth of S. cerevisiae AWRI 796 on r-proline catabolites provided

as the sole source of nitrogen. Growth on ammonium ions was monitored for

comparison.

Yeast were grown at25oC in SM medium under strict anaerobic conditions as

described in materials and methods. AVA, ô amino-valeric acid; P5C, A-pynoline-5-

carboxylic acid; Glu, glutamic acid; D-Pro, l-proline.
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P5C to glutamate, P5C dehydrogenase (PSC-DH), functions without involvement of

the electron transport chain in yeast, it is known to be located in the mitochondria

(Cooper, 1982a). Reports show that yeast can utilise this compound as a sole

nitrogen source in the presence of oxygen (Lundgren & Ogur, 1913), therefore the

question was asked if P5C supplied as a sole nitrogen source would suppofi yeast

growth under anaerobiosis. No reported data exists to indicate that ,S. cerevisiae can

catabolise AVA.

It is known that the mitochondrial morphology of yeast cells grown under anaerobic

conditions differ considerably from those grown in the presence of oxygen (Plattner

& Schatz, 1969; Plattner et a1.,1971; Visser et aL, 1995). Despite these differences

however, mitochondria of anaerobically grown cells contain most of the anabolic and

catabolic enzymes which are present in respiring yeasts. These include the enzymes

of the Krebs cycle, sterol metabolism and amino acid metabolism. These enzymes

are synthesized as a response to the available substrate and/or biochemical processes

required @amsky et a1.,1969; Shimizu et al., 1973; Jenkins et a1.,1984; Visser ¿/

at., 1994). It is only the enzymes associated with the respiratory transport chain

which are not found in anaerobically grown yeast (De Winde & Grivell, 1993, 1995).

As P5C oxidation is catalysed by the NAD-linked P5C-DH located in the

mitochondrial matrix, anaerobic conditions did not interfere with this reaction,

resulting in full utilisation of nitrogen contained in the P5C molecules. It is expected

that reoxidation of NAD occurs through the malate-asparate shuttle - a process

commonly employed by eukaryotic cells for transfer of oxidising/reducing power, as

NAD and NADH can not penetrate the inner mitochondrial membrane. Alternatively,

P5C-DH might be present in the yeast cell cytosol. Functional cytosolic P5C-DH

was reported to be present in locust flight muscle (Brosemer & Veerabhadrappa,

1965) and in rat liver cells (Brunner & Neupert, 1969). The reaction of P5C

oxidation by these cytosolic enzymes occurred twice as fast with NADP as a cofactor

compared with NAD, indicating the possible existence of two enzymes: a

mitochondrial P5C dehydrogenase with higher affinity for NAD and a cytosolic P5C
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dehydrogenase with the higher affinity for NADP. Existence of a yeast cytosolic

P5C-DH requires confirmation.

There are no reports of studies of ô-aminovalerate metabolism in S. cerevisiae. This

non-proteogenic amino acid is formed in large amounts during the anaerobic

degradation of proteins by many proteolytic gastrointestinal, ruminal and oral cavity

Clostridium species. These bacteria use D-proline as an oxidant and reduce it to AVA

(Stadtman, 1956; Dreyfus et al., 1968; Mead, l97l; Albone et aI., 1976; Batker,

1981; Kasai & Kiriyama, 1988). AVA is also formed as an intermediate product of

lysine, ornithine and arginine catabolism by certain procaryotes (Pseudomonas sp.,

Ichihara et al., 1960; Miller & Rodwell, l97I and E. coli, Roberts, 1954) and

eukaryotes (mouse liver cells, Roberts, 1954; Aspergillus, Roberts, 1954; Hansenula

saturnus Rothstein, 1965 and Candidn guilliermondii var. membranaefociens, Der

Garabedian, 1986). Several organisms are reported to be capable of further

catabolism of AVA. In Pseudomonas AYA is transaminated to form glutamic acid

via cr-ketoglutarate (Ichihara et a\.,1960). A similar pathway is suspected to occur in

the yeasts Candidn guilliermondii Qer Garabedian, 1986) and Hansenula saturnus

(Rothstein, 1965). The first step of AVA degradation by strictly anaerobic

Clostridium aminovalericum, abacterium which uses this amino acid as a sole source

of carbon and nitrogen, also involves transamination to form glutaric semialdehyde

and glutamate ultimately leading to the formation of ammonia, acetate, propionate and

valerate (Hardman & Stadtman,1960; Barker et aL.,1987).

Thorough investigation of AVA catabolism by S. cerevisiae was outside the scope of

this work. It can be hypothesised however, that since S. cerevisiae can utilise AVA

as the sole nitrogen source, its catabolism involves transamination via cr-ketoglutarate

and formation of glutamate.
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3.3.5 Screening various yeast species and strains for the ability to

grow on L-proline under anaerobic conditions

The results of screening tests for the ability of a number of yeast species to grow

anaerobically on L-proline when provided as the only nitrogen source proved to be

unsuccessful (Table 3.1). None of the species or strains tested were able to utilise

this imino-acid in the absence of oxygen. This finding confirms previous reports

(Cooper, I982a) indicating that proline catabolism in yeasts is associated with the

availability of molecular oxygen

3.3.6 Conclusions

The transport of proline by the S. cerevisiae strain AWRI 196 is inhibited by

ammonia and other nitrogen containing compounds present in the medium and its

catabolism is governed by the availability of molecular oxygen. It is of significance

to this project that anaerobic conditions do not interfere with either the rate of proline

transport by yeast cells or the utilisation of proline catabolites.

None of the strains of S. cerevisiae or other species of yeast investigated could utilise

t-proline under anaerobic conditions.
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Genus Species

Dekkera

Hansenispora

Hansenula

Kloeckera

Kluyveromyces

Pichin

Saccharomyces

anomaln
bruxellensis

valbyensis

anomala
saturnus var. saturnus

apiculnta

marxlanus

membranaefaciens

cerevßtae
bayanus

Table 3.1. Species of yeasts tested for their ability to utilise L-proline

as the sole nitrogen source under anaerobic conditions.



Chapter 4

Purification and partial characterisation of L'

proline:NAD(P)*-oxidoreductase (EC 1.5.1.2) from soybean

leaves

4.L Introduction

Experiments described in the previous chapter demonstrated that anaerobic growth

conditions do not interfere with proline transport by S. cerevisiae. However,

catabolism of this imino acid is prevented by the absence of oxygen. A pathway for

proline degradation, which eliminates the need for molecular oxygen, was therefore

introduced into yeast cells as a possible alternative mechanism for proline catabolism.

As discussed in Section 2.3.2, there are two established pathways for r--proline

degradation. One pathway occurs in some species of clostridia and involves the

conversion of I--proline to D-proline with subsequent reduction to õ-aminovalerate

(AVA). The second pathway involves the oxidation of proline to A'-pyrroline-5-

carboxylate (P5C) with further oxidation to glutamate. Although usually involving

the enzyme proline oxidase, which is linked to the electron transport chain, the

reaction also occurs in the cytoplasm of higher plants, some unicellular algae and

bacteria. The cytosolic reaction is carried out by the NAD(P) linked bifunctional I--

proline:NAD(P)*-oxidoreductase (PDH/P5CR), the enzyme which also catalyses the

reduction of P5C to proline.

Thus two possible routes exist when considering anaerobic prolíne catabolism: 1)

reduction to AVA and 2) oxidation to P5C by a cytosolic dehydrogenase.

Introduction of one of these pathways into yeast could enable the anaerobic

degradation of proline. The pathway leading to the formation of AVA involves
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several enzymes for which catabolic function depends on their precise spatial

affangement on cytoplasmic membranes (refer to Section 2.3.2.3). Introduction of

such a complex pathway into the yeast cell could prove difficult. Conversely,

introduction of a single cytoplasmic eîzyme, namely NAD(P) linked PDFVP5CR,

represents more attainable solution.

Recently, a soybean gene encoding PDIVP5CR was cloned and sequenced by

functional complementation in E. coli @elauney & Verma, 1990)' The purpose of

this series of experiments was to isolate soybean PDIilP5CR and to determine the

ability and conditions of the enzyme to catalyse the oxidation of L-proline with

NAD(P) as an electron acceptor in vitro. If successful, expressing the gene in S.

cerevisiae may provide a pathway for the oxidation of proline under anaerobic growth

conditions

4.2 Materials and methods

4.2."L Plant material

Soybean (Glycine max) seeds were sown in moist vermiculite contained in plastic

trays (60 x 80 x 15 cm). Trays were placed in a glasshouse (18 h photoperiod,250C)

and watered daily. Plants were grown for 15 days'

4.2.2 Enzyme purification

All operations were carried out at 40C unless otherwise stated. Soybean leaves (500

g) were frozen in liquid nitrogen and ground. The resulting powder was

homogenised in 2 L of Buffer I (0.2 M potassium phosphafe, pH 7.2, 1 mM

Na"EDTA and 10 mM pmercaptoethanol) in a Waring homogeniser (Model 37 B

L18, USA) and filtered through several layers of cheesecloth. The extract was heated

to 600C for 1 minute, immediately cooled and filtered through Whatmann filter No. 1.

Filtrate was centrifuged for 30 minutes at 25 000 x g. The supernatant solution was
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decanted and 15 mL of a I7o protamine sulphate solution added, with stirring, for

each 100 mL of extract. The suspension was stirred gently for one hour and then

centrifuged for 30 minutes at 25 000 x g. The resulting supernatant was fractionated

with solid (NHJ2SO4. The fractions precipitating between O-257o and 25- 50Vo

saturation were collected by centrifugation (30 minutes at 25 000 x g) and dissolved in

200 mL of Buffer 2 (50 mM phosphate, pIJ7 .2 and 10 mM pmercaptoethanol). The

25-507o fraction (20 mL) was concentrated by passing it through a YM 10

ultrafiltration membrane mounted in the Stirred Cell Ultrafiltration Apparatus (Amicon

Inc., U.S.A.). Pressure was applied by introducing nitrogen gas into the headspace

at 300 kPa. The resulting 3 mL of concentrated suspension was passed through a

high resolution gel filtration column (Sephacryl 5-300 HR, bed volume 140 mL, void

volume 58 mL, column size 2l x 400 mL; Pharmacia, Sweden) and eluded with

Buffer 2. Fractions of 1 mL volume were collected. The fraction with the highest

activity of proline dehydrogenase was poured onto an affinity chromatography column

(2'5' ADP-Sepharose 48 column, bed volume 3.4 mL, void volume 1.1 mL, column

size 10 x 43 mm, Pharmacia, Sweden), which was rinsed with 10 mL of Buffer 3

(0.1 M Tris; I mM EDTA, pH 8.3). The elution of enzyme was achieved with a 0 to

1 M NaCl concentration gradient in Buffer 3.

4.2.3 Assay procedures

4.2.3.1 P5C reductase assay

The activity of P5C reductase was measured by monitoring the loss of absorbancy at

340 nm. The standard reaction mixture contained: 0.2 mM Tris-HCl buffer (pH 7.5),

0.1 mM NADH, 3.0 mM r-P5C and enzyme to a final volume of 1 mL. The reaction

was initiated by the addition of enzyme fraction and carried out for 30 minutes.

4.2.3.2 Proline dehydrogenase assay

Proline dehydrogenase activity was assayed by measuring NADH formation at 340

nm or by formation of a colored complex between P5C and o-aminobenzaldehyde (o-
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AB). When the formation of NADH was measured, reaction mixtures of 1 mL

contained: 20 mM L-proline, 10 mM NAD and enzyme in 67 mM CAPS buffer (pH

10.1) unless otherwise stated. The reaction was initiated by addition of the enzyme

fraction and carried out for a specified interval of time.

When the P5C-o-AB complex was measured, reaction mixtures of 1 mL contained:

0.25 M potassium phosphate buffer of desired pH, which had been saturated with o-

aminobenzaldehyde, 20 mM L-proline, 10 mM NAD and enzyme fraction' These

were incubated for 20 minutes and the reaction was stopped by addition of 1 mL of

l\Vo tichloroacetic acid in ethanol. After centrifugation, the absorbance at 444 nm

was determined using a double-beam spectrophotometer (Varian, model DMS-200).

All enzymatic reactions were carried out at 250C. An enzyme unit is defined as the

activity which produces a change in optical density of 0.05 per minute at 340 nm, 1

cm light path (Peisach & Strecker, 1962). Protein concentration was determined by

the standard method of Lowry et aI., (1951), with bovine serum albumin as the

standard.

4.2.4 Identification of the product of the r--proline oxidation

Two methods were used to identify the product of proline oxidation: Fast Atom

Bombardment Mass Spectrometry (FAB MS) and Thin Layet Chromatography

(TLC). Thecompletereactionmixture was made up as described in Section 4.2.3.2.

A control mixture consisted of the same constituents except that the enzyme was

inactivated by boiling for ten minutes before its addition to the reaction. A second

control was also used in which NAD was omitted from the mixture. All three

mixtures were incubated for 40 minutes after which the reaction was halted by the

addition of 0.5 mL of 957o ethanol The mixtures were kept on ice for 10 minutes,

centrifuged for 15 minutes at 12 000 x g and the precipitate discarded.

When employing the TLC technique, the supernatant from each mixture, together with

standard solutions of r--proline, glutamic acid and L-PSC, were spotted using a
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microcapillary onto a TLC plastic silica gel sheet (Merck, 60 FZSÐ. Descending

chromatography was performed in a pre-equilibrated tank with the solvent system 1-

butanol : acetic acid : water (121315, vlv/v). After migration, the TLC sheet was

allowed to dry, sprayed with ninhydrin solution and developed in an 800C oven.

FAB MS analysis was undertaken with a Finnigan TSQ 70 triple stage quadruple

mass spectrometer. Xenon was used as the bombardment gas. The ionisation voltage

was 8 KeV, the ion current < 0.5 mA and the collision cell pressure 1.8 milliton.

Glycerol was used as the matrix.

4.3 Results

4.3.1 Copurification of PSC reductase (PSCR) and proline

dehydrogenase (PDH) activities

A partially purified preparation of the bi-functional enzyme catalysing reduction of A'-

pyrroline-5-carboxylic acid and oxidation of proline was obtained from soybean

leaves. A summary of the purification steps is presented in Table 4.1. The relative

activities of the proline dehydrogenase and P5C reductase remained reasonably

constant through the first three purification steps. The final two steps of purification,

the Sephacryl 5-300 column and the affinity chromatography column, resulted in the

sharp increase in the relative P5C reductase activity producing a high PSCR/PDH

ratio. Enzyme eluted in a single peak by NaCl gradient from the affinity

chromatography column (Figure 4.1), resulting in 295.4 and 62.9-fold purification

for P5CR and PDH, respectively. The specific activities of the proline dehydrogenase

in the final purification (2.2 unitslmg) was significantly lower than that for the P5C

reductase (180.2 units/mg). Enzyme activity of the final purification step was stable

for 2 months when stored at -800C in 57o glycerol and 2.0 mM dithiothreitol.

Freezingand thawing, resulted in considerable losses in activity. Enzyme prepared by

Step 5 of purification was used for further experiments.

È --
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Table 4.1. partial purification of soybean r--proline:NAD(P)roxidoreductase. The purification steps and enzyme assays are explained in

Materials and Methods, Sections 4.2.2 and 4.2.3'



Relative activities

P5CR

t7.4

16.9

t5.6

32.7

82.0

PDH

1 0

I 0

I 0

1.0

1 0

P5C reductase

Purification

1.0

2.9

4.9

91.1

295.4

Specific
activity

units/mg
protein

0.61

1.14

2.96

55.6

180.2

Proline dehydrogenase

Purification

1 0

2.9

5.4

48.6

62.9

Specific
activity

units/mg
protein

0.035

0.1 03

0.r9

1 7

2.2

Total
protein
(me)

2850.0

1530.0

506.0

28.0

8.0

Total
volume
(mL)

600.0

520.0

60.0

16.0

3.00

Purification step

1.
Crude homogenate

2.
Heat precipitation
at 60uC

aJ.
(NHJ2S04
25-50% precipitate

4
Sephacryl 5-300
column

2'5'-ADP Sepharose
4B



Figure 4.1. Elution profile of soybean r--proline:NAD(P)*-oxidoreductase

from affinity chromatography column.

The column was eluted with a gradient concentration of NaCl (0.0-1.0 M) in Tris-

EDTA buffer (pH 8.3) and effluent collected as 1.0 mL fractions. Reaction

mixture for determination of PDH activity is described in section 4.2.3'2.
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Figure 4.2. L-proline dependent reduction of oxidised pyridine nucleotides by the

soybean t-proline : NAD(P)+-oxidoreductase.

The reaction was carried out in qsartz cuvettes. The reaction mixture was as described

in section 4.2.3.2. NAD(P) concentration was 10.0 mM. Change in the absorbancy

was recorded every minute.
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4.3.2 Activity of proline dehydrogenase and cofactor specificity

The oxidation of proline was a linear function of both the concentration of enzyme and

time for the first 10 minutes of the reaction. NAD was the preferred cofactor. When

NADP was used the reaction rate was at most 307o of that with NAD (Figurc 4.2).

The P5C reductase used NADH and NADPH as electron donors, but showed a 4.5-

fold greater activity with NADH (not shown).

4.3.3 pH optima

The optimal pH for proline dehydrogenase activity was dependent on the assay

method (Figure 4.3). When activity was measured by monitoring NADH formation,

the optimal pH occurred between 9.9 and 10.2. Activity was first detected at pH 8.1,

showing a sharp increase at pH 8.4. After reaching its pH optimum, the erzyme

activity dropped off sharply with no activity detectable above pH 11.1. When the

concentration of L-proline was doubled some PDH activity was detected as low as pH

7.6. Further increase in proline concentration did not allow the reaction to occur at pH

lower than 7.6. In contrast, when the activity was measured by monitoring the

formation of P5C-o-aminobenzaldehyde complex, the optimal pH was 7.5. No

activity was detected at pH lower than 6.2 or higher than 9.0.

The P5C reductase exhibited a broad pH optimum from 6.9 to 7.6. Activity declined

more rapidly at the alkaline side. No reductase activity was detected at pH lower than

5.1 or higher than 8.7. (Results not shown).

4.3.4 Identification of the product of proline oxidation

4.3.4.1 TLC analysis

The chromatographic migration of compounds present in the test reaction mixture

(proline, NAD, enzyme), and two controls (containing boiled eîzyme or no NAD)

revealed that only in the presence of the active enzyme and NAD was a product

55



Figure 4.3. Effect of pH on the activity of soybean proline dehydrogenase

The conditions employed were as described in Materials and Methods, except that for

estimation of pH optima in the reactions of PSC-o-AB formation, pH was varied by

the use of suitable mixtures of KH2PO 4 and KzHPO¿ at constant total phosphate

concentration of 0.I M. In the estimation of NADH formation, reactions were carried

out for 20 minutes and the pH was varied by the use of a suitable sodium carbonate

buffer to a final concentration of 0.25 M. The pH was determined with a pH meter.
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formed which upon reaction with ninhydrin gave a pink colour characteristic of P5C

and migrated to the same distance as a control containing synthetic P5C.

4.3.4.2 FAB MS analysis

Comparison of mass spectra between test sample, controls and reference sample

(synthetic P5C), revealed a spectrum in the test sample identical to that produced by

the reference sample. This spectrum was absent from two control samples.

4.4 Discussion

4.4.1 Enzyme purification

A partially purified preparation from soybean leaves showed P5C reductase and

proline dehydrogenase activities. Both activities co-purified with a constant ratio

(PjCR/PDIF' 17.2lI) through the first four steps of purification and eluted in a single

peak from the affinity chromatography column. The last step resulted in a sharp

increasein the reductase to dehydrogenase ratio (821I) producing a295.4 and62.9-

fold purification, respectively. The change in the ratio of the two activities caused by

the affinity chromatography probably resulted from the exposure of the enzyme to the

low ionic strength buffer on the column. Similar changes in P5C reductase/proline

dehydrogenase ratio associated with exposure of the enzyme to low ionic strength

buffer were observed in an enzyme isolated from Clostridium sp. (Costilow &

Cooper, 1978; Monticello & Costilow, 1981). Rena & Splittstoesser (1975) also

observed rapid changes in the reductase/dehydrogenase ratio during storage of

pumpkin extract at low ionic strength buffer.

The ratios of the two activities in extracts from Clostridium, pumpkin and soybean

were large. The reductase/dehydrogenase ratio was about 1.5 in crude and purified

preparations from pumpkin (Rena & Splittstoesser, 1975). The ratio in the crude

clostridial extract was about 30 and increased to 96 during purification, (I\4onticello &

Costilow, 1981), whereas the average ratio in the crude soybean extract was 17.4 and
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increased to 82 during purification, indicating that the enzymes from these three

different sources are quite different with respect to relative activities.

The co-purification of P5C reductase and proline dehydrogenase activities has been

reported for several higher plants and some green algae (Dashek & Erickson, 1981).

Detailed analysis of pumpkin and clostridial enzymes carried out by Rena &

Splittstoester (I975) and Costilow & Cooper (1978) respectively, revealed that both

activities are catalysed by the same protein or protein complex. The fact that both

P5C reductase and proline dehydrogenase of soybean co-purified (216.4 and I20

times), eluted in single peaks from Sephacryl 5-300 and Sepharose 48 columns,

prefered reduced or oxidised forms of NAD over NADP suggest that, as with

pumpkin and clostridial enzymes, both these activities are catalysed by a single

protein or protein complex. This has also been observed for most studied

dehydrogenases, including the amino acid dehydrogenases which catalyse reversible

produclsubstrate-substrate/product redox reactions (Tsukada, 1966; B oyer, 191 5).

4.4.2 Cofactor specificity

The co-purified soybean proline dehydrogenase and P5C reductase showed

preference for NAD and NADH respectively as co-factors. When phosphorylated

pyridine nucleotide was used, the significant decrease in proline oxidation and P5C

reduction rates was noted. Observations regarding the reductase activity of the

PDIVP5CR protein agrees with those of Miller & Stewart (1916). These workers

found significantly higher activity (about 4 times) of soybean P5C reductase when

NADH was used instead of NADPH. Similarly, pumpkin (Rena & Splittstoesser,

1975) and wheat (Mazelis & Creveling, 1974) P5C reductases had an approximately

2.5-fold greater activity with NADH than NADPH. P5C reductase of reversible

PDIYP5CR of Chlorella autotrophica, Chlorella saccharophila [,allberte & Hellebust,

1989) and Clostridium sporogenes (Costilow & Cooper, 1978), were also highly

specific for NADH, whereas P5C reductase of PDIVP5CR of peanut Mazelis &

Fowden, 1969,I97I), barley (Krueger et a\.,1986), tobacco (Noguchi et a|.,1966),
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halophyte, Mesembryanthemum nodiflorum (Treichel, 1986), and non reversible

P5C reductase of Escherichia coli (Rossi et al., I97l) and Drosophila melanogaster

(Farmer et al. 1919), used NADPH more effectively. P5C reductase of

Saccharomyces cerevisiae,which does not display proline oxidation activity, showed

equal affinity for NADH and NADPH, (Matsuzawa & Ishiguro, 1980). In contrast

to preference differences for reduced pyridine nucleotides by P5C reductases, all

studied proline dehydrogenases of PDIVP5CR protein, displayed specific affinity for

NAD, a property that is characteristic of other amino acid dehydrogenases. In

general, amino acid dehydrogenases are specific for NAD whereas reduction

reactions require NADH or NADPH as the co-factor (Smith et al., 1975; Ohshima &

Soda, 1990) agreeing with the notion that most catabolic reactions in the cell require

NAD as an electron acceptor.

4.4.3 Product of t -proline oxidation

The TLC and FAB MS analysis revealed that the product of r-proline oxidation by

the soybean proline dehydrogenase is A'-pyrroline-5-carboxylic acid. This result

confirms earlier studies showing that in higher plants (Dashek & Erickson, 1981),

animal tissues and microorganisms (Adams 8L Frank, 1980), À'-pyrroline-5-

carboxylic acid is the first product of L-proline degradation.

4.4.4 L-proline dehydrogenase activity

In the presence of isolated soybean PDM5CR, L-proline was converted to

pyrroline-5-carboxylate, indicating that the isolated protein possesses proline

dehydrogenase activity. This activity is reported to be associated with proteins

isolated only from plants, algae (Dashek & Erickson, 1981) and the anaerobic

bacterium, Clostridium sporogenes (Costilow & Cooper, 1978). Enzymes catalysing

reduction of P5C to proline isolated from E. coll (Meister et aI., 1951), calf liver

(Peisach & Strecker, 1962), rat tissues (Herzfeld et.al., l9l7), Pseudomonas

aeruginosa (Krishna et a1.,1979), Drosophilamelanogaster @arrner et al., 1979) and
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S. cerevisiae (Matsuzawa & Ishiguro, 1980), do not display proline dehydrogenase

activity. Isolated P5C reductases differ markedly in molecular weights, ranging from

95 to 320 kdalton. It is of interest to note that the lower molecular weight enzymes

do not display proline dehydrogenase activity (Rossi et al., l9ll; Matsuzawa &

Ishiguro, 1980; Monticello & Costilow, 1981; Deutch et al., 1982). No in-depth

studies have been carried out to determine the reason for this distinction. As these

reversible and non-reversible P5C reductases are composed of a variable number of

subunits, the number and size of which are species specific, it is likely that the proline

dehydrogenase activity is rendered by specific, spatial affangement of the enzyme

molecule which is preserved only in some organlsms.

4.4.5 pH optima

L-proline dehydrogenase of soybean showed maximal activity at a high, alkaline pH

(10.1). This pH optimum of in vitro PDH activity is similar to the L-amino acid

dehydrogenases isolated from other organisms (Table 4.2). Although the reported

pH optima for these enzymes were observed with in vitro reactions, no information

exists to indicate that these enzymes require alkaline pH for their function in vivo, nor

has a satisfactory explanation been proposed for the necessity of high pH for the in

vitro reaction, despite the fact that several genes encoding these enzymes were cloned

and expressed in E. coli for commercial production of desirable compounds

(Hummel & Kula, 1989).

Intracellular pH is of vital importance to all organisms, not only for maximising

eîzyme activities but also for control of many cellular processes such as solute

transport across membranes, DNA transcription and protein synthesis. Therefore, a

variety of mechanisms have evolved by which cytoplasmic pH can be maintained

within a naffow physiological range. This pH value in most microorganisms,

including E coli, Bacillzs spp., Pseudomond.ç spp. and S. cerevisiae oscillates

between 6.4 and7.6, (Acidophils can exhibit intracellular pH values of 5.9, whereas

alkalophils can tolerate pH 9; Booth, 1985; Bakker, 1990', Bruno et al., 1992;
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Table 4.2. pHoptima for in vitro oxidation reactions of reversible amino acid dehydrogenases.



Reference

Yoshida & Freese, 1965

Ohshima & Soda, 1979

Germano & Anderson, 1968

Ohshima et a1.,1985

Ohshima et al.,l9JB

Hummel et a1.,1984

Mazelis & Fowden, 1971

Costilow & Cooper, 1978

Rena & Splittstoesser, I97 5

This studies

Mazelis & Crevelin g, I97 4

Boyan & Dekker, 1981

Misono et aL,1993

Organism

Bacillus subtilis

Bacillus spaericus

D e s ulþv ib ri o de s ulfuric ans

B ac illus s t e ar othe rmo philus

Bacillus sphaericus

Brevibacterium sp.

Arachis hypogaea

CIo stridium sporo gene s

Cucurbita moschnta

Glycine max

Triticumvulgare

Escherichia coIiK-I2

Pseudomonas cruciviae

Optimal pH for
in vitro reaction

10.5

10.6

10.1

11.0

10.8

10.5

10.3

t0.2

10.3

10.1

t0.2

10.3

10.5

Enzyme

Alanine dehydrogenase

Leucine dehydrogenase

Phenylalanine dehydrogenase

Proline dehydrogenase

Threonine dehydrogenase



Breeuwer et a\.,1996). Therefore it is highly unlikely, that the observed high pH for

the catalytic functions of amino acid dehydrogenases in vitro, is necessary for their

function in vivo

The significant drop in the optimal pH for proline oxidation (from 10.3 to 7.5),

which was observed following the removal of the reaction product, P5C when

measuring P5C-o-AB complex, indicates that the reaction is strongly inhibited by the

accumulation of its product. This agrees with the observation of Costilow & Laycock

(197I), who found that during the oxidation of proline catalysed by the clostridial

proline dehydrogenase, the presence of pyruvate, lactic acid dehydrogenase and o-

aminobenzaldehyde dramatically increased the amount of P5C-o-AB in the reaction

mixture. These reagents would be expected to pull the reaction toward P5C by its

removal and the regeneration of NAD.

In most redox reactions catalysed by dehydrogenases, the equilibrium in the oxidation

direction is highly unfavourable. The reaction rate is further hampered by severe

product inhibition. This is particularly true for the oxidation of amino acids to

corresponding oxo-acids and alcohols to ketones (Germano & Anderson, 1968;

Smith et aI., 1975; L.ee &. Whitesides, 1986; Hummel & Kula, 1989; Ohshima &

Soda, 1979,1990). In the majority of alcohol oxidation reactions in vitro, the shift in

the equilibrium towards the product is achieved by continuous extraction of the

product (Liese et al., 1996). The oxidation of malate to oxaloacetate by the malate

dehydrogenase shows a similar shift (Whiskitch, I977;Elthon & Stewart, 1982). In

the NAD-linked oxidation of ethanol to acetaldehyde, the equilibrium of the reaction

lies heavily on the side of ethanol and NAD. The reaction can, however, be

completely displaced in the direction of acetaldehyde by alkaline conditions and by

trapping the formed acetaldehyde (Beutler, 1984).

It can be hypothesised that with the invitro oxidation of proline, as with other amino

acids, the alkaline pH generates a qhift in the equilibrium of the reaction in the
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direction of oxidation. This may be explained by the effect of high pH on the

formation of the ionized carboxyl group and the un-ionized amino group of proline

and/or a change in the enzyme configuration which increases affinity of the enzyme

for the substrate which results in the shift of the equilibrium towards product. It has

been shown by Peisach & Strecker (1962) that ionisation of the components of the

P5C reduction reaction is relevant to the rate of the reaction. Alkaline pH also

increases the affinity of the pìasma membrane H+-ATPase for its substrate (Serrano,

1984). The alkalisation of the reaction mixture of glycerol oxidation leads to a 4-fold

increase in the rate of the reaction (McGregor et al., 1974). It is also probable that the

high pH optima displayed by the amino acids dehydrogenases reflect a common

reaction mechanism or a similar role of these enzymes in cellular metabolism.

4.4.6 Conclusions

Partially purified soybean L-proline:NAD(P)*-oxidoreductase showed both P5C

reductase and I--proline dehydrogenase activity. The requirement for high alkaline

conditions forproline oxidation invitro by the eîzyme was alleviated by the removal

of the product of the reaction, P5C. This, together with reports in the literature that

show that microbial amino acid dehydrogenases are reversible in vivo, while in vitro

the dehydrogenases behave in a manner similar to L-proline dehydrogenase of

soybean, suggests a possible role for NAD dependent oxidation of proline by this

enzyme in vivo.

6T



Chapter 5

Cloning and expression of soybean L'proline: NAD(P).-

oxidoreductase in Sacchüromyces cerevisiae DTL100

5.1 Introduction

It has been shown that parlially purified proline oxidoreductase (PDIVP5CR) of

soybean catalyses oxidation of t-proline in an NAD-linked reaction in vitro. With the

removal of the reaction product, P5C, the pH optimum for this reaction was 7.5 (refer

to Sections 4.3.3 and4.4.5). It is also known that S. cerevisiae is able to transport

proline under anaerobic conditions @uteurtre et al., 1971; this work, Section 3.3.2).

Based on these findings an attempt was made to clone and express the soybean gene

encoding proline oxidoreductase with the ultimate goal of inducing anaerobic proline

catabolism in yeast.

The interconversion of proline and P5C is common to all studied prokaryotes and

eukaryotes (Adams & Frank, 1980; Phang, 1985). It was reasoned that P5C reductase

would be functionally conserved in S. cerevisiae and soybean. Complementation of a

P5C reductase deficient yeast strain would provide the best strategy for identifying the

gene of interest. An S. cerevisiae strain, DTl100, deficient in P5C reductase activity,

was described by Tomenchok & Brandris (1987). Recently, using DT1100, the

human P5C reductase was isolated by complementation studies (Dougherty et al.,

1992). A similar method was also used to isolate the soybean PDII/P5CR, but in this

case an E.coli proline auxotroph mutant was utilised @elauney & Verma, 1990).

Since the sequence of the soybean PDII/P5CR gene is already known @elauney &

Verma, 1990), the polymerase chain reaction (PCR) was chosen as the most

appropriate method for isolating the PDII/P5CR gene.
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5.2 Materials and Methods

5.2.1 Cloning soybean proline oxidoreductase

5.2.1.1 Plant material

Soybean plants were cultivated as described in section 4.2.1

5.2.I.2 Isolation of total RNA from plant material

All glassware used for RNA isolation was baked at 1600C for 10 hours. Solutions

were made using di-ethyl-pyro-carbonate (DEPC) treated water to remove RNase

activity. Treated water was prepared by the addition of DEPC to a concentration of

0.I7o, incubating at 3l0C for 12 hours and then autoclaving twice to remove the

DEPC. Plasticware was soaked in 0.4N KOH for 2O minutes and then rinsed with

DEPC treated water.

Approximately 3 g of young leaves were cut from soybean plants using a surgical

scalpel and immediately placed in a pre-cooled mofiar containing liquid nitrogen.

Leaves were ground into a fine powder. Three millilitres of RNA extraction buffer

(REB; 100 mM Tris-HCl, pH 8.4; 4% Sarkosyl; 10 mM EDTA) was added and plant

tissue was homogenised, transferred to a 15 mL CorexR centrifuge tube, allowed to

thaw and centrifuged at 14 000 x g at 40C for 5 minutes. The supernatant was

transferred to a 10 mL ultracentrifuge tube. For each millilitre of supernatant, 1 g of

CsCl was added and mixed thoroughly. Three millilitres of CsCl cushion solution

(0.965 g/ml- CsCl in TE buffer: 10 mM Tris-HCl, pH 7.5; 1 mM EDTA) was

carefully added into the bottom of the tube with a Pasteur pipette. Contents of the tube

were centrifuged for 16 hours at 92 000 x g at 40C. After centrifugation, the surface

layer was removed with a sterilised cotton bud and the supernatant poured out. The

pellet was resuspended in ice-cold 0.4 mL REB buffer and 0.4 mL of

phenol/chloroform/iso-amyl alcohol solution (25:24:1, equilibrated with Tris-HCl

buffer, pH 8.0) was added. The mixture was transferred to a 1.5 mL Eppendorf tube,

vortexed for 30 seconds and centrifuged for 5 minutes at 12 000 rpm. The upper

layer was transferred to a fresh Eppendorf tube and the RNA was precipitated with
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ethanol. After precipitation, RNA was dried under vacuum and resuspend in 20 pL of

TE buffer. Quality of the obtained RNA was analysed by electrophoresis on a I-5Vo

agarose gel at a constant current of 80 mA. The gel was stained with ethidium

bromide and photographed on a short wave IJV light box. RNA concentration was

determined by spectrophotometry at260 nm, using the relationship of one Aruo unit to

40.0 ¡tglllL single stranded RNA (Sambrook et al.' 1989).

5.2.'1..3 Isolation of polyA*RNA from total RNA samples

PolyA.RNA was purified from total RNA using the Promega PolyA Tract mRNA

Isolation System according to the manufacturers recofllmendations.

5.2.1.4 cDNA synthesis

Fifteen micrograms of RNA was heated at 700C for 10 minutes with 2 pg of dT

Primer in an Eppendorf tube then chilled on ice. Four microlitres of 5X buffer (250

M Tris-HCl, pH 8.3; 0.315 M KCI; 15 mM MgClr), 3 ¡"rL of 0.1 M DTT and 8 ¡rL of

1.25 mM dNTP's were added to the tube and the mixture was gently mixed. After

incubation at 450C for 2 minutes,2 ¡t"L of reverse transcriptase enzyme with RNase II

(Superscript II, GibcoBRL, USA) was added and gently mixed. The mixture was

incubated at 450C for t hour and 30 ¡rL of HrO was added' Synthesized DNA was

precipitated with 5 pL of 3 M Na-Acetate, pH 4.8, 120.0 ¡rL of cold,99Vo ethanol.

The tube was placed at -800C overnight. Contents were warmed on ice and

centrifuged at 12 000 rpm for 15 minutes at 4-C. The supernatant was discarded and

the pellet washed with 1 mL of J\%o ethanol. The pellet was resuspended in 5 ¡rL of

HrO and stored at -800C.
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5.2.1.5 Polymerase chain reaction

Primers for PCR amplification were designed using the soybean proline

oxidoreductase sequence published by Delauney & Verma (1990). The primers were

of the following sequence:

UppeT: CCG GAT CCC TTA ACC TAA AAT GGA AAT C

LoweT: GAA GAT CTC TCA AAG AAG AGC CCC AAG T

Reactions were carried out in 0.5 mL Eppendorf tubes. The reaction mixture

contained: 5 pL of 10 x reaction buffer (Promega), 3 pL of MgClr, 8 ¡rL of dNTP's

each of 1.25 mM, 0.3 ttg of each primer, 2 units of Taq polymerase (Promega), 5 pg

of cDNA and nanopure HrO to the total volume of 50 ¡rL. Reaction mixtures were

topped up with a drop of parafin oil and placed in the programmable Thermal Cycler

(MJ Research Inc. Watertown, Mass.). DNA was denatured initially at 940C for 2

minutes, followed by 35 cycles consisting of 1 minute denaturation at940C,2 minutes

annealing at 500C and 2 minutes extension at 120C. The PCR was completed with a

final extension step of 5 minutes at720C and cooling to 250C.

5.2.I.6 Gel electrophoresis

To visualise the quality of DNA obtained by the PCR, gel electrophoresis was carried

out through L 7o (w/v) agarose horizontal slab gels. Samples were mixed with 1/5

volume of 6 x Ficoll loading buffer (100 mM Tris-HCl; 200 mM EDTA; I57o Ficoll

type 400; 257o bromophenol bl:ue 0.257o xylene cyanol FF, pH 8.0) prior to loading.

The running buffer was Tris-borate (TBE: 90 mM Tris-borate; 1 mM NqEDTA, pH

8.0). DNA was visualised by staining the gels subsequent to electrophoresis in a

solution of ethidium bromide (0.5 pglml-). Gels were photographed on Polaroid 665

positive film using a Polaroid Landpak camera.
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5.2.1.7 Isolation of DNA from agarose gels

The 'Geneclean' protocol (BIO 101) was used for the recovery of DNA from the gel.

Gel slices were excised under longwave IfV üght and dissolved at 600C in 6 M NaI

(700 pL). Glass milk (5 pL) was added and the solution incubated on ice for t hour.

The glass milk was pelleted by centrifugation at 12 000 rpm, the supernatant was

removed by aspiration and the pellet washed thoroughly three times with 1 mL of

wash buffer (50 mM NaCl; 10 mM Tris-HCl, pH 7.5; 2.5 mM EDTA; 507o vlv

ethanol). Following the final wash, the pellet was dried briefly under vacuum and the

DNA eluted by resuspension in TE buffer (20 ¡tL) and incubation at 550C for 3

minutes. DNA was stored at -200C.

5.2.1.8 Ligation of PCR product into vector

The PCR amplified fragment was ligated into the pGEMR-T vector (Promega). All

ligation steps were performed according to the manufacturer instructions.

5.2.1.9 Transformation of E. colí

Transformation of the E. coli strainDH5cr was performed according to the method of

Hanahan (1983)

5.2.L.9a Preparation of competent cells for transformation

Asinglecolony of E. coli DH5cr was inoculated into 5 mL of SOB medium (20 glL

Tryptone; 5 glL Yeast extract; 0.5 gL NaCl [pH 7.0]) and grown overnight at370C

with rapid shaking. The starter culture (500 t"ll-) was used to inoculate 25 mL SOB

supplemented with 20 mM MgSOo and the cells grown to ODuoo 0.6 at 370C with

shaking. The culture was incubated on ice for 10 minutes and the cells pelleted by

centrifugation at 2 500 rpm for 12 minutes at 40C (JA 20 rotor in Beckman 121

centrifuge). The supernatant was removed and the cells resuspended in 8.5 mL of

TFB buffer (10 mM MES, pH 6.3; 45 mM MnClr; 100 mM RbClr; 10 mM CaClr;3
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mM Hexylamine-CoClr) and incubated on ice for 10 minutes. Cells were pelleted as

above and resuspended in 2 mI- of TFB. Seventy microlitres of di-methyl sulfoxide

(DMSO) was added and the cells incubated on ice. After 5 minutes, 157 ¡t"L of 1 M

dithiothreitol was added and mixed. After a further 10 minutes , 75 ¡t"L of DMSO was

added and mixed.

5.2.1.9b Transformation procedure

Two hundred microlitres of competent cells were gently dispensed into a 50 mL glass

test tube and kept on ice. Five microlitres of ligation mix was added and gently

mixed. The cells were incubated on ice for 30 minutes, heat shocked tn a 420C water

bath for 2 minutes then returned to ice for 5 minutes. Eight hundred microlitres of

SOC medium (1 mL SOB, 10 ¡rL 2 MMgSO4;1 PL 5O7o glucose) was added and

incubated at 370C lor 45 minutes. 200 ¡t"L of transformed cells were spread onto Petri

plates containing LB I.57o agar medium (ITo Bacto-tryptone; 0.57o Bacto-yeast

extract; 17o NaCl; pIJ7.2) supplemented with 50 ¡tglml- ampicillin; 10 mM isopropyl

beta-thiogalactopyranoside (IPTG) and 0.47o bromo-(5)-4-chloro-3-indolyl-B-D-

galactopyranoside (X-gal). Plates were incubated overnight at 370C and putative

recombinant colonies identified by their white colour.

5.2.1.1,0 Small scale isolation of plasmids

A single colony of E. coli DH5o containing the plasmid of interest was inoculated into

4.0 mI- of Terrific Broth (0.57o Bacto-yeast extract; I7o Bacto-tryptone; 0.57o NaCl)

containing 50.0 ¡rglml- of ampicillin. The culture was grown overnight at 370C with

rapid shaking. After centrifugation, cells were resuspended in 200 ¡tL of Plasmid 1

solution (50 mM glucose; 25 mM Tris-HCl, pH 8.0; 10 mM EDTA) and incubated on

ice for 10 minutes. Three hundred microlitres of Plasmid 2 solution (0.2 N NaOH;
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17o SDS) was added, mixed gently by inversion then incubated on ice for 5 minutes.

Two hundred microlitres of potassium acetate (3 M, pH a.8) was added, mixed and

the solution incubated on ice for 15 minutes. The tubes were centrifuged at 12 000

rpm for 10 minutes and the supernatant transferred to a clean tube. DNA was

precipitated by the addition of 2.5 volumes of ice cold ethanol followed by incubation

at -200C overnight. The DNA was pelleted by centrifugation at 12 000 rpm for 15

minutes, dried briefly under vacuum then resuspended in 500 pL of nanopure water.

RNase A was added to a final concentration of 100 pglml and the solution incubated

for 2 hours at 370C, extracted with an equal volume of phenol/chloroform/iso-amyl

alcohol (25:24:1) and then with an equal volume of chloroform. The aqueous upper

layer was transfered to a fresh tube and the DNA precipitated with 7.5 M ammonium

acetate (pH a.8) and ethanol. The DNA was dissolved in 40 pL of nanopure water

and was of sufficient purity for all molecular techniques including sequencing.

5.2.1.11 Sequencing reactions

Recombinant pGEMR-T plasmids were isolated as described above and the

concentration of the DNA adjusted to approximately 0.25 nglpLL with nanopure water.

The subsequent sequencing reactions were set up using the 'Primer Ready Dye-Deoxy

Terminator Cycle Sequencing Kit' according to the manufacturer (Applied

Biosystems). Separation of the sequencing reaction products was carried out on an

ABI automated DNA sequencer (Applied Biosystems). The sequence data was

analysed using Sequence Editor software (SEQ-ED; Applied Biosystems) designed

for Macintosh computers.

5.2.2 Yeast transformation and fermentation trials

5.2.2.1 Yeast strain

Saccharomyces cerevisiae strain DT1100: MATU ura3-52 pro3, (Tomenchok &

Brandriss, 1987) was used for all experimental work.
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5.2.2.2 Media and growth conditions

All conditions and techniques for aerobic and anaerobic yeast growth were as

describedin Section 3.2.3. In all experiments S. cerevisia¿ DTl100 and transformed

strains were grown in minimal medium (MM; L5 glL yeast nitrogen base without

amino acids and (NH4),SO4, Difco; 20 glL glucose; 0.023 g/L uracil; supplemented

with either 2 {L of (NH)rSOo or I EIL of L-proline as a nitrogen source. When

suppression of the expression of the introduced soybean PDIVP5CR was required,

the medium was supplemented with 50 ¡t"g/ml- of methionine (Cherest et al., 1985).

5.2.2.3 Cloning vector

Plasmid pDS848 (YCplac33-MET3) was used to transfotm S. cerevisiae DT1100.

This URAj marked centromeric plasmid is characterised by a 596bp fragment of the

S. cerevisiae MET3 promoter. It also contains the AmpR bacterial marker (Gietz &.

Sugino, 1988).

5.2.2.4 Transformation protocol

The soybean PDIVPSCR sequence cloned into the pGEMR-T was digested with

Bamf{I and SacI restriction endonucleases and subcloned into the pDS848. All

cloning steps were performed according to Sambrook et aI. (1989)'

Alkali cation transformation of yeast was performed according to the method of Ito et

at. (1983), with slight modification. Yeast cells were grown to late exponential phase

at 280C in liquid MM medium supplemented with di-ammonium sulphate, uracil and

L-proline. Cells were harvested by centrifugation at? 5OO rpm for 5 minutes, washed

once in 10 mL TE buffer, reharvested and suspended in 20 mL LiOAc/TE buffer (10

mM Tris-HCl, pH 7.5; O.l M lithium acetate; 1 mM EDTA). Cells were gently

shaken at 300C for t hour. Approximately 8 x 107 cells were harvested and

suspended in 100 pL of LiOAc/TE buffer. Plasmid DNA (10 pg) with 5 ¡.tg salmon
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spenn cañer DNA was added in a total of 10 pL to the cells and the suspension was

incubated at 280C for 30 minutes. Seven hundred microlitres of PEG reagent (407o

polyerhylene glycol 4000; 0.1 M lithium acetate; 10 mM Tris-HCl, pH 7.5; 1 mM

EDTA) was added and the mixture was vortexed before incubation at280C for t hour.

Cells were heat shocked by incubation at 420C lor 5 minutes, harvested and

resuspended in 1 mL sterile water.

For the selection of transformants, the cell suspension was spread on MM medium

supplemented with di-ammonium sulphate lacking uracil, proline and methionine.

5.2.2.5 Isolation of plasmid DNA from yeast

Plasmid DNA was isolated from yeast according to the method described in Current

Protocols in Molecular Biology, Chapter 13, Unit 13.11 (Ausubel et al., 1994).

5.2.2.6 Yeast DNA isolation

Untransformeds. cerevisiaeDT|IOO strain and DTl100 transformed with YCplac33

without PDFI/PSCR insert (DTl100-YC) were grown in MM medium supplemented

with di-ammonium sulphate, proline and uracil. DT1100 transformed with YCplac33-

PDII/P5CR was grown in MM medium supplemented with di-ammonium phosphate.

Yeasts were grown lor 24 hours at250C. Cells were pelleted by centrifugation at 3

000 rpm for 5 minutes, washed once in zymolyase buffer (1.2 M sorbitol; 0.1 M

sodium citrate; 0.06 M EDTA; pH 7.0) and resuspended in 500 ¡rL zymolyase buffer

containing zymolyase to a total concentration of 1 mg/ml. The suspension was then

incubated with shaking at 300C for 30 minutes. Spheroplasts were pelleted at 3 000

rpm for 5 minutes, then resuspended in 100 pL TE buffer. To this suspension, 300

¡rL of lysis buffer (0.5 M Tris-HCl, pH 8.0; 20 mM EDTA, pH 8.0; 2% SDS) was

added and the mixture incubated at 600C for 15 minutes. Following this incubation,

200 ¡tL of 5 M potassium acetate was added and the suspension incubated on ice for
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30 minutes. After centrifugation at 12 000 rpm lor 20 minutes, the supernatant was

carefully decanted into a fresh tube. To this supernatant, an equal volume of absolute

ethanol was added and the mixture was allowed to sit for t hour at room temperature.

After centrifugation at 12 000 rpm for 10 minutes, the resultant DNA pellet was

vacuum dried and resuspended in 200 pL TE buffer. The salt concentration of the

aqueous phase was adjusted by the addition of 50 ¡rL of 5 M potassium acetate

followed by incubation on ice for 30 minutes. After centrifugation at 12 000 rpm for

20 minutes, the supernatant was carefully decanted again into a fresh tube. To this

supernatant, an equal volume of absolute ethanol was added and the mixture was left

for 20 minutes at -800C. Centrifugation at 12 000 rpm resulted in the pelleting of the

DNA which was resuspended in a fixed volume of R40 Ø0 Wglml- RNase in TE

buffer). The concentration of the DNA was determined by spectrophotometry.

5.2.2.7 Yeast RNA isolation

Total RNA was isolated by a procedure based on that by Schmitt et aI. (1990). The

yeast culture was grown in the MM medium, supplemented with the desired nitrogen

source and methionine when required, for 24 hours at 240C. 10 mL samples were

taken and the cells harvested by centrifugation at 3 000 rpm for 5 minutes and

resuspended in 400 pL AE buffer (50 mM sodium acetate, pH 5.3; 10 mM EDTA).

After transfer to an Eppendorf tube, 4O ¡tL of l}Vo SDS was added and the tube

vortexed. An equal volume of phenol (equilibrated with AE buffer) was added, the

tube vortexed again and then incubated at 650C for 4 minutes. The tube was then

rapidly chilled in liquid nitrogen until phenol crystals appeared and centrifuged for 2

minutes at maximum speed in an Eppendorf centrifuge. The upper aqueous layer was

transferred to a fresh tube to which an equal volume of phenol/chloroform was added

and left at room temperature for 5 minutes. To the extracted upper aqueous phase, 40
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¡r,L of 3 M sodium acetate, pH 5.3 and2.5 volumes of ethanol were added. Tubes

were left overnight at -200C before the RNA was pelleted by centrifugation. The

RNA pellet was washed once with 7O7o ethanol, dried and resuspended in a fixed

volume of RNase free nanopure water.

Following RNA extractions, the absorbency values at 260 nm and 280 nm of each

RNA sample was determined on a Shimadazu UV-Vis spectrophotometer UV-1604.

The AruolArro ratios of the RNA samples were consistently in the range of 1.8 to 2.2'

The relationship of one Aruo unit to 40 ILIWL RNA was used in the calculation of

RNA concentrations (Sambrook et a1.,1989).

5.2.2.8 Electrophoresis of RNA

Equipment was cleaned with 0.25 N NaOH to remove RNases before use. Total

RNA was run on a I.57o agafose denaturing RNA gel [0.7 g agarose; 36 rrü-

nanopure HrO; 5 mL 1 x MOPS/EDTA buffer (0.5 M MOPS, 0.01 M EDTA); 9 mL

377o formaldehydel. Gels were poured and pre-run in 1 x MOPS/EDTA buffer at 60

volts for 30 minutes.

Each RNA sample (5 pg) was dried under vacuum and resuspended in 4.5 pL RNA

buffer A (294 mL 10 x MOPSÆDTA; 706 mL nanopure HrO) and 9.5 pL formamide/

formaldehyde. The sample was incubated at 700C for 10 minutes and then chilled on

ice for 2 minutes. RNA loading buffer (322 mL RNA buffer A; 178 rnI- 37Vo

formaldehyde; 500 mL deionised formamide; 3 mg xylene cyanol; 3 mg bromocresol

green; 250 mg sucrose), 3 ltL, was then added before loading into the gel. Samples

were run at 60 volts for 30 minutes and then 100 volts for a further 1-2 hours. Gels

were stained with ethidium bromide and photographed under IfV Hght.
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5.2.2.9 Transfer of DNA to nylon membranes

DNA fragments separated by agarose gel electrophoresis were transferred to Hybond-

N nylon membrane (Amersham) by capillary blotting (Southern, I9l5). Gels were

made ready for transfer by soaking in denaturing solution (1.5 M NaCl; 0.5 M NaOH)

for 20 minutes. Upon completion of the transfer, membranes were briefly rinsed in 2

x SSC (0.15 M NaCl; 0.015 M sodium citrate) and the DNA fixed to the membrane

by placing it in 0.4 M NaOH for 20 minutes. Finally, the filter was soaked in

neutralising solution (0.5 M Tris-HCl, pH 7.0; 1.5 M NaCl; 0.001 M EDTA, pH 1.2)

for 5 minutes prior to hybridisation.

5.2.2.10 Transfer of RNA to nylon membranes

RNA separated by denaturing electrophoresis was transferred to membranes by

capillary blotting (Southern, 1975). Gels were prepared for transfer by soaking in 20

x SSC for 30 minutes. RNA was transferred from the gel to a Hybond-N nylon

membrane overnight by capillary blotting tn 20 x SSC. After transfer, membranes

were rinsed in 2 x SSC and I-fV cross-linked for 7 minutes before being baked at 400C

for t hour.

5.2.2.11 Radio-labelling of samples

A probe for hybridisation studies was prepared by random primer radio-labelling of

double stranded DNA with (cr"P) dCTP. The DNA template (1 pg) plus 9-mer

randomprimer(0.1 pglml-)inatotal of 8 ¡rL, were boiled for 5 minutes then chilled

on ice for a further 5 minutes. This was then added to 12.5 ¡rL of 2 x oligolabelling

mix (dATP, dTTP, dGTP, 60 pM each; 150 mM Tris-HCl, pH 7 '6; I50 mM NaCl;

30 mM MgClr; 300 ¡rglml- BSA), 3 ¡rL of (cr"P) dCTP and 1.5 pL of Klenow

enzyme (1 unit/¡"rl-). The sample was then incubated at 370C for 60 minutes. The
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radiolabelled DNA fragments were purified using a Sephadex G-100 column and

denatured by boiling for 5 minutes before adding to the hybridisation solution.

5.2.2.12 DNA hybridisation

Membranes were briefly rinsed in 2 x SSC before being placed in a "Hybaid"

hybridisation bottle and prehybridised in 10 mL of prehybridisation solution (3 mL 5

x HSB[ 3M NaCl, 100 mM PIPES, 25 mM EDTA, pH 6.8]; 3 mlDenhafdtsIII l2Eo

polyvinyl pyrolidone 360,27o Ficoll 400,27o bovine serum albuminl 2 mL nanopure

HrO; 1 rnl- l07o SDS; 1 mL carrier DNA [5 g salmon spenn in 100 mL ÉIrO]) at 650C

for 2 hours. The prehybridisation solution was replaced with freshly prepared

hybridisation solution (3 mL 5 x HSB; 2 mL Denhardts III; 3 nrlI- 257o dextran

sulphate; 1 mL nanopure I!O; 0.5 mL carrier DNA) plus denatured radioactive probe.

The membrane was left to hybridise with the probe for 20 hours at 650C with constant

rotation. The membrane was removed from the bottle and washed with agitation for

20 minutes at 650C in a series of four washing steps using washing solutions, 1-4,

(wash solution l:2xSSC,0.1% SDS [1 g sodium dodecyl sulphate; 9 mL nanopure

HrOl; wash solution2:1 x SSC, 0.17o SDS; wash solution 3: 0.5 x SSC, 0.17o SDS;

wash solution 4: 0.2 x SSC, 0.17o SDS) to remove background radioactivity. The

membrane was then exposed to X-ray film between intensifying screens at -800C.

The exposure time was determined by the amount of detectable radioactivity on the

film.

5.2.2.13 RNA hybridisation

The hybridisation membrane was rinsed in2x SSC before being placed in a "Hybaid"

hybridisation bottle and prehybridised in 10 mL of RNA hybridisation solution (2 mL

Denhardts III; 1 mL SDS; 1 mL carrier DNA; 5 mL 20 x SSPE [3.6 M NaCl; 0.2 M

NaFlPOo; 0.02 M EDTAI; 10 mL formamide) at 420C for 24 hours. After this time,

the solution was replaced with fresh hybridisation solution (10 mL) plus denatured

radioactive probe. The membrane was left to hybridise with the probe for 24 hours at

420C with constant rotation in a "Hybaid" bottle. The membrane was removed from
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the bottle and washed with agitation lor 2O minutes at 650C with each of the wash

solutions (1 - 4) to remove background radioactivity. The membrane was then

exposed to X-ray film at -800C for 48 hours.

5.2.2.14 Preparation of yeast cell free extracts for enzyme assays

Yeast cell free extracts were prepared as described by Jiranek (1992). All steps were

carried out at 40C. Cells from 100 mL of late log phase culture were collected by

centrifugation, washed twice with an equal volume of 0.25 M phosphate buffer (pH

7.3) containing 0.1 mM EGTA and resuspended in 5 mL of the same clarified (0.45

pm membrane) buffer containing glycerol at207o (w/w). After the addition of 10 g of

glass beads (Braun, 0.45-0.5 mm), cells were shaken in a cell homogeniser (Braun,

model MSK) with CO, cooling at 2000 rpm until ca. 997o disruption was achieved.

Glass beads were removed by filtration through a glass sinter and cellular debris was

removed from the filtrate by centrifugation at 40 000 x g for 30 minutes. Dialysis was

performed for two periods of 75 minutes, each against 1000 volumes of fresh

resuspension buffer. The supernatant was stored on ice before being assayed.

Proline dehydrogenase and P5C reductase assays were carried out as described in

section 4.2.3.
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5.3 Results

5.3.L Cloning the soybean proline oxidoreductase (PDH/PSCR) gene

Total RNA isolated from leaves of two week old soybean seedlings was used as a

template for preparing complementary DNA. The cDNA served as a template in PCR

using specific primers designed from the sequence of the soybean PDIVP5CR gene

(Delauney & Verma, 1990). The PCR reaction produced a band of the expected size

of approximately 980 bp (Figure 5.1).

The PCR fragment was ligated into pGEMR-T vector and transformed into E. coli

DH5cr. Twenty one white colonies were obtained and two carried an insert of the

expected length for the soybean PDII/P5CR gene. These plasmids were named

pSM-PDIVP5CR-1 and pSM-PDIVP5CR-2. The insert from pSM-PDM5CR-1

was partially sequenced from both ends. Sequence revealed I0O7o homology at the

amino acid level with the published sequence of soybean PDIVP5CR gene @elauney

& Verma, 1990; Figure 5.2).

5.3.2 Expressing cloned soybean P5CR gene in S. cerevisiae

5.3.2.1 Construction of the yeast expression vector

ASacI, Bam HI fragment of pSM-PDII/P5CR-1 carrying the coding region of the

soybean PDFVP5CR gene was fused to the MET3 promoter of the YCplac33 yeast

expression vector. The resultant plasmid was named YCplac33-PDIyPsCR. The

YCplac33-PDIyP5CR plasmid was transformed into S. cerevisiae DTl100 mutant

(Dougherty et al., 1992).

5.3.2.2 Analysis of transformants

Approximately 10? competent cells were spread onto plates containing minimal

medium lacking uracil supplemented with L-proline and methionine (non-inducible

medium). Seventy nine colonies capable of growth on this medium were identified.

These colonies were named S. cerevisiaeDTI|00-4. All DT1100-A colonies were

replica plated onto uracil, proline and methionine-free minimal medium (inducible
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Figure 5.1. RT-PCR products of soybean total cDNA

Total cDNA was electrophoresed on a l7o agafose gel, stained with ethidium bromide

and visualised on a UV light box.

Lanes:

1: PCR with cDNA templete and primers flanking the soybean PDII/PSCR gene.

2: PCR in the absence of cDNA.

3: molecular weight marker (pTZ I8U cut with HindIII).

4: molecular weight marker (pTZ 18U cut with DraI andRsa I).
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Figure 5.2. Nucleotide sequence of the soybean PDII/P5CR gene and the deduced

amino acid sequence of the putative PDII/P5C reductase protein.

Sequence typed in black is that published by Delauney & Verma (1990). Red

indicates partially sequenced PDI{/P5CR gene described here. Primers are boxed in.



AGCAGCAACATTT GCGCÀA'ATCGAAA TTGATTC'TCTGCCACTT A-A,CSTA,AA 51

MEIFPIPAESYTL

GGC TTC ATC GGC GCC GGA fuqv{ ATG GCC GAG TCC AT"T GCC IZ9

GFIGAGKMAESIA

CGA GGC GCC GTC CGC TCC GGCGTC CTG CCGCSTTC'T CGC 168

RGAVRSGVLPPSR

ATT CGG ACC GCC GTC CAC TTC AAC CTC GCC CGC CGT GGC 2O7

IRTAVI{FNLARRG

GCC TTC GAG TCC T.TC GGC GTC ACC GT'T CTC CCT TCA AAC 24'6

AFESFGVTVLPSN

GAC GAC GTC GTT CGC GAA AGC GAC GTC GTC GTT TTG TCG 285

DDVVRESDVVVLS

GTC AAA CCT CAA TTA GTG AAA GAC GTG GTG TCG fuqu{ TTG 324

VKPALVKDVVSKL

ACG CCG CTT TTG ACG AAG CAC AAG CTT TTG GTT TCG GTC 363

TPLLTKHKLLVSV

CfCT CCT GGT ACC fuL{ TTG fuAJdt GAT CTT CAG GAA TCIG GCT 42

AAGTKLKDLAPWA

GGG AAC GAC AGA Tm ATA AG,A. GTG ATG CC/I AAT ACC CCA 4l

GNDRFIRPMPNTP

GCA GCT GTT GGC CAG GCA GCA TC.T GTA,A.TG AGC TTG GGG 480

AAVGaAASvMSLG

GGA TCT GCA ACG GAA GAA GAT GGA AAT ATT ATA GCC CAA 519

GSATEEDGNIIAA

TTA TTT GGG TCA ATT C'C'C A.A!A ATA TGG AAA GCT GAG GAA 558

LFGSIGKIWKAEE

GAA ATC TTT CCG ATT CCC GCC GAA TCC TAC ACT CTC 90



AAG TAT TTT GAT ccA ATA Acr ccc crc Acr c,cc AGT Gcr sgl

KYFDAITGLSGSG

CCT GCT TAT GTT TAT TTA GCA ATA GAG CCT TTG GCT GAT 636

PAYVYLAIEALAD

GGA GGA GTA GCA GCT GGT TTA CCA CGT GAT CTT TCA T.TA 675

GGVAAGLPRDLSL

AGT CTA GCT TCT CAA ACT GTA TTA GGG GCA GCA TCA ATG 714

SLASQTVLGAASM

GTC TCc cAG Acr cicc AAc cAC ccc ccA cAG crc AAA cAT 7s3

VSQTGKHPGALKD

GAC GTT ACT TCT CCA GGT GGG ACA ACA ATT ACG GGC ATT 7g2

DVTSPGGTTITGI

CAT GAG TTA GAA AAT GGT GGG TTC CGT CIGA AcA cTG ATG 831

HELENGGFRGTLM

AAT ccr crr crr c'cr ccr ccr AAG ccc Acc ccA GAc crr a70

NAVVAAAKRSREL

TCrc TGA ATCAAGAGATTAGGATTCTACTTTTTTTTTAGACGAAAATCTG glg

s*
A

970

CAAGAATGTTTGGC]CATAACAGTCTTTTCT3ACICTAGCATC 
1 02 1

ATGAATC'CATCCGAGTCTATATGAGAACTTGAAGTTTCCTTGCÀqJq\T{GA{G 
1 072AGTACTAGCAGT@CACTTGCCC(A)42 
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Figure 5.3. Transformation of S. cerevisiaeDTllOO with YCpIac33-PDIVP5CR.

Approximately 107 cells were plated onto minimal medium plates supplemented with :

Plate A: di-ammonium sulphate, L-proline and methionine.

Plate B (control): di-ammonium sulphate, uracil, L-proline and methionine'

Plates C and D (controls) were spread with untransformed S. cerevisiae DT1100.

Plates contained minimal media supplemented with:

Plate C: di-ammonium sulphate,uracil and t-proline.

Plate D: t-proline.

Plate E: replica-plate of Plate A onto minimal medium without L-proline, uracil and

methionine, supplemented with di-ammonium sulphate.
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medium). One of the 79 colonies were able to grow on this medium (Figure 5.3).

Transformation was repeated several times. In total 522 Ura* transformants were

obtained. Of these, five colonies were identified which complemented the pro

mutation. These Pro* colonies, were named S. cerevisiae PUI. As all 522 Ura*

transformants were also expected to be Pro*, the nature of the Pro* phenotype that

arose in only five colonies was further investigated. The Pro* phenotype could result

from several factors. These are: changes within the yeast genome, changes associatecl

with the vector sequence or changes to the introduced PDII/P5CR gene. To

differentiate between these, the following experiments were performed:

I) Growth of S. cerevisiae PUI strain on a permissive and inducible

medíum

PUl cells were grown in a nonselective medium (minimal medium supplemented with

uracil, proline and di-ammonium sulphate) to isolate cells that had lost plasmid. Such

Ura- colonies were also Pro-, indicating that the gene complementing proline

auxotrophy was located on the plasmid. This was further confirmed by the growth of

PUl only on the inducible, minimal medium (without uracil, proline and methionine

supplement). PUl did not grow when expression of introduced PDHÆ5CR was

suppressed by the addition of methionine.

2) Recovery and reintroduction of the YCplac33-PDH/PsCR plasmid

Recoveredplasmids fromPUl strain were used to transform DT1100. One hundred

and thirty Ura* colonies were identified. All Ura* colonies were also Pro* (Figure

5.4) demonstrating that the Pro* phenotype arose as a result of a mutation within the

introduced plasmid.

3) Southern blot analysis of the total DNA ol S. cerevísiae DT1L00-A

and PUI strøins

DT1100-A and PU1 strains were grown in 200 mL of inducible minimal medium

supplemented with proline. Total DNA was extracted from both strains and analysed
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Figure 5.4. Transformation of S. cerevisiae DTl100 with YCpIac33-PDIVP5CR

plasmid recovered from PUl cells.

S. cerevisia¿ DT1100 was transformed with YCplac33-PDH/P5CR plasmid recovered

from PUl strain. Approximately 107 cells were plated onto minimal medium

supplemented with di-ammonium sulphate, L-proline and methionine (Plate A).

Transformants were replica plated onto minimal medium without methionine

supplemented with di-ammonium sulphate (Plate B).
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Figure 5.5. Southern hybridisation cletecting soybean PDH/P5CR sequence in

YCplac33-PDFyP5CR plasmid in transformants of DTl100-A and PUl strains.

Panel A: total yeast DNA samples electrophoresed on a l7o agarcse gel, stained with

ethidium bromide and visualised on a LIV light box.

Panel B: autoradiogram of gel depicted in Panel A after hybridisation with a radio-

labelled PDH/P5 CR sequence recovered from pSM-PDFVP5CR- I .

Lanes: 1: X Hind III marker

2: pTZ l8U marker cut with DraI and RsaI

3: untransformed DT1100

4: transformed DTl100 with YCplac33 without PDII/P5CR insert

5-9: PUl

l0 - 14: DTl100-A

15: l0-fold dilution of DNA from lane 5

16: lO-fold dilution of DNA from lane 10

l7: 100-fold dilution of DNA from lane 5

18: 100-fold dilution of DNA from lane 10
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by Southern hybridisation. Results are shown in Figure 5.5. Panel A shows gel

electrophoresis of isolated DNA digested with BamH I restriction endonuclease.

Panel B shows Southern transfer of DNA probed with radio-labelled PDFI/P5CR gene

recovered from pSM-PDI{/P5 CR- 1 plasmid.

The lanes containing PUl DNA show a band of approximately 6740 bp, close to the

expected size of pYCplac33-PDH/P-5CR-l plasmid whereas in DTl100-A lanes,

containing the same plasmid, this band is not visible (Panel A). PUl and DT1100-A

DNA probed with radio-labelled PDIIP5CR sequence show marked difference in

hybridisation intensity (Panel B). PU1 DNA gave an intense band at approximately

674obp when hybridised with P32-PDI{/P5CR probe. DTl100-A DNA also shows a

band but is characterised by a higher molecular size and a significantly reduced

intensity, indicating the difference in the copy number and size between PUl and

DT1100-A plasmids. A lO-fold dilution of DT1100-A DNA did not give a

hybridisation signal whereas lO-fold diluted PUl DNA produces a clearly visible

band.

4) Hybridisation analysis of total RNA extracted from PUI and

DTI100 strøíns

Total RNA extracted from DTl100 and PUlstrains, grown in various liquid media,

was electrophoresed, transferred to Hybond-N* membrane and probed with radio-

labelled PDI{Æ5CR sequence excised from pSM-PDI{/P5CR-1 plasmid. The

membrane was exposedto autoradiographic film. Results are shown in Figure 5.6.

Lanes 1 to 3 contain RNA extracted from PU1 strain grown in inducible, minimal

medium (supplemented with di-ammonium phosphate and lacking methionine). To

see if the expression of introduced PDFI/P5CR gene is influenced by proline and/or

uracil, the minimal medium was supplemented with proline, lane 2 and with proline

and uracil, lane 3. Lane 4 contains RNA extracted from PUl strain grown in non-

inducible minimal medium, containing methionine, supplemented with proline and

lane 5 non-inducible minimal medium supplemented with proline and uracil. Lane 6
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Figure 5.6. RNA hybridisation analysis of soybean PDFVP5CR gene expresslon ln

PUl grown aerobically in the minimal medium with varying supplement. DT1100

strain was used as a control.

Panel A: total yeast RNA electrophoresed on L57o agarose gel. The gel was stained

with ethidium bromide.

Panel B: Northern hybridisation performed on samples depicted in Panel A, probed

with radio-labelled PDFVP5CR sequence.

Lanes: 1

Strain: Medium supplement:

PUl di-ammonium sulphate

PUl L-proline

PU1 L-proline, uracil

PU1 methionine, di-ammonium sulphate, L-proline

PUl methionine, di-ammonium sulphate, L-proline,

uracil

DTl100 di-ammoinum sulphate, L-proline, uracil

DTl100 transformed with YCplac33; di-ammonium sulphate,

L-proline, uracil

2

3

4

6

7
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contains RNA isolated from untransformed DT1100 strain and lane 7 that of DTl100

strain transformed with Ycplac33 plasmid without soybean PDFVP5CR insert'

Northern hybridisation revealed a single band in lanes 1, 2 and 3 corresponding to the

expected size of the PDFVP5CR mRNA. There was no detectable hybridising

transcript in Lanes 4, 5, 6 and 7 despite the presence of approximately similar

amounts of RNA in each lane. The presence of proline in the medium did not

influence the level of transcription of the PDI{/P5CR gene (Lanes 2 and3).

5.3.3 Assay for proline dehydrogenase activity in crude extracts from

S. cerevisíae PUI and DT1100 strains

Partially purified cell extract of S. cerevisiae PUl was assayed for proline

dehydrogenase activity. Cell free extracts exhibited reduction of NAD in the presence

of L-proline. This indicates that the translated product of the cloned soybean

PDIIP5CR gene was a functional protein displaying proline dehydrogenase activity.

Crude extracts of DTl100 strain showed no detectable proline dehydrogenase activity.

5.3.4 Growth characteristics of S. cerevisiae PUL and DT11.00 strains

under strict anaerobic conditions

The ability of PUl andDT1100 strains to utilise t-proline as the sole nitrogen source

under anaerobic conditions was investigated. It was found that the inducible, minimal

medium supplemented with L-proline supported growth of the PUl strain. The

anaerobic growth of PUl on proline was characterised by a prolonged lag phase,

lasting 37 hours, and a significantly smaller final culture cell number, reaching 467o of

PUl cells growth on anìmonium ions (Figure 5.7). L-proline did not support growth

of DTl100 under similar conditions.
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Figure 5.7. Anaerobic growth of S. cerevisiaePlJl and DT1100-YC on minimal

medium supplemented with Tween 80 and nitrogen source as indicated in the legend.

Media were inoculated with 5 x 106 starter culture cells prepared anaerobically.

Growth was conducted at 25oC in 100 mL conical flasks placed in an anaerobic hood

containing the atmosphere of 57o hydrogen and 957o niffogen gas'
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5.4 Discussion

5.4.1 Complementation of a Saccharomyces cerevisíae PSC reductase

mutant by the soybean proline oxidoreductase

The proline oxidoreductase gene of soybean was cloned by the polymerase chain

reaction technique. This enzyme catalyses the final step in the proline synthetic

pathway, being the reduction of P5C to proline and, in vitro, it also catalyses the

reverse reaction, oxidation of prolinc to P5C. Partial sequence of the cloned

PDFVPSCR gene showed I007o homology at the amino acid level with the soybean

PDIYP5CR gene isolated by Delauney & Verma (1990). The gene was cloned into a

yeast expression vector (YCplac33) and expressed in a proline auxotrophic S.

cerevisiae strain (DTl100) lacking P5C reductase activity. Only 0.967o of

transformants, characterised by the Ura* phenotype, exhibited proline prototrophy

(PUl strains). This was an unexpected result since all transformants harbouring the

YCplac33-PDFyP5CR plasmid were expected to be prototrophic for proline. A

number of factors could lead to the Pro* phenotype. These include changes within the

yeast chromosome, mutation of the introduced soybean gene encoding proline

reductase or changes associated with the vector carrying the cloned gene. Results

showing simultaneous loss of the Ura* and Pro* phenotypes from PUl colonies

grown in a medium permissive for plasmid loss (minimal plus di-ammonium

phosphate, uracil and proline), indicates the necessity of the YCpIac33-PDII/P5CR

plasmid for manifestation of the Pro* phenotype. Complementation of proline

auxotrophy in all DTllOO colonies transformed with plasmid cured from PU1 and

growth of PUl only in medium that activate expression of the plasmid borne soybean

PDIVP5CR, indicate that the Pro* phenotype in PUl strains was conferred by the

enzyme encoded by the soybean PDIVP5CR gene.

Further evidence for soybean PDII/P5CR complementing proline auxotrophy in

DT1100 was provided by DNA and RNA hybridisation analysis. When total RNA

extracted from DT1100, DT1100-YC and PU1, \vas probed with the labelled

PDII/P5CR ssquence, only RNA extracted from the PU1 strain grown in the medium
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allowing transcription of the introduced soybean PDIVP5CR gene wâs detected.

RNA of DT1100, DT1100-YC and PUl grown in noninducible medium, did not

produce a hybridisation band.

Probing a Southern blot of a gel containing DNA extracted from DT100-YC, DTl100-

A, PUl and the untransformed DT1100 strain, with labelled PDH/P5CR sequence

revealed bands present only in lanes containing PUl and DT1100-A DNA. The

DT1100-A DNA showed a band of the expected size for the Ycplac33-PDIYP5CR

plasmid, whereas a band produced by the PUl DNA was of a higher molecular

weight. Interestingly, hybridisation to PU1 DNA produced a significantly stronger

signal than that of DTl100-A DNA, an approximately lO-fold increase in PDFVP5CR

DNA present in the PUl cells. Such an increase likely results from changes to the

number of copies of Ycplac33 plasmid carrying PDIVP5CR gene.

The YCplac33 vector used to transform S. cerevisiae DT1100 contained a DNA

segment with a functional yeast centromere sequence (CEN) and relied on a yeast

autonomously replicating sequence (ARS) as a DNA replication origin (Gietz &.

Sugino, 1988). Plasmids containing these two elements possess many properties of

chromosomes. They are relatively stably maintained through mitotic and meiotic

divisions and segregate through meiosis (Stinchcomb et al., 1982). A third important

property of the CEN sequences is copy number control. Plasmids containing a

functional centromere are kept to an average of one to two copies per cell (Clarke &

Carbon, 1980; Bloom et aL, 1983). It is known however, that plasmid DNA

rearrangements do occur. Deletions in the functional CEN region are particularly

cornmon and appear to be triggered by the process of transformation itself. These

deletions vary over a size range of 20 to 2000 bp and cause plasmid reversion to high

copy number. For instance, the approximate number of ARS plasmids is 20 copies

per cell (Tschumper & Carbon, 1983; Clancy et a\.,1984; Kingsman et a1.,1985a).
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Indeed, the close examination of the hybridised fragments of PUI and DT1100-A

DNA with labelled PDFI/P5CR sequence, revealed a difference in the length of the

plasmid, with the PUl hybridisation band characterised by a smaller molecular

weight. This result indicates the occurrence of a deletion in the YCplac33-PDI{/P5CR

vector, most likely in the CEN region, converting it into a autonomously replicating

sequence (ARS) plasmid and resulting in increased copies of the cloned soybean

PDFI/P5CR gene in S. cerevisiaePUl cells. It is proper to speculate therefore that the

Pro* phenotype in the PUl strain was brought about by the increased number of

PDFVPSCR gene product. High level of expression was also necessary to

complement proline auxotrophy in S. cerevisiaeDTIIOO by the human P5C reductase

(Dougherty et aI., 1992) and E. coli by the soybean PDIVP5CR @elauney & Verma,

1eeO).

The expression of foreign genes in yeast and the intracellular assembly of functional

protein is affected by a range of factors operating at the level of transcription,

translation and post-translational processing. As the final yield of a protein is

dependent on the level of mRNA, which in turn is determined by the rate of initiation

and turnover of transcription, disturbances to those processes may lead to low protein

production. The length of a transcript may also be affected by the presence of

additional sequences in foreign genes which may cause delay or premature termination

of transcription. The efficiency of translation can also be compromised by hindered

initiation affected by the different structure of the mRNA leader sequence and the

AUG context of the foreign transcript (Kozak, 1989). The bias commonly observed

between organisms for a preferred subset of codons, especially for highly expressed

genes, may also contribute to the final low protein yield and quality (Bennetzen &

Hall, 1982b;Pedersen,1984; Hoekema et a\.,1987; Kurland, 1987). The low yield

of foreign protein influenced by the codon content was observed to occur more often

when yeast cells were grown in minimal medium (Sharp & Cowe, I99l). Finally, the

activity of the introduced soybean protein could also be affected by faulty folding,

incorrect post-translational processing, its instability in yeast cells or negative
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interaction between native, truncated yeast P5C reductase subunits with soybean

subunits.

5.4.2 Growth of S. cerevisia.e PUI on t--proline as the sole source of

nitrogen under strict anaerobic conditions

Growth under anoxic conditions of transgenic S. cerevisiae strain PU1, harbouring

the proline oxidoreductase from soybean, was supported with L-proline provided as

the sole source of nitrogen. The rate of growth and the final biomass of PUl grown

on L-proline however, was significantly reduced when compared to that when

nitrogen was supplied in the form of ammonium ions. This reduced growth may

reflect inefficiency of the overall metabolism of PU1 cells brought about by the

introduced soybean protein. This could be associated with the expression of the

soybean gene and the assembly of PDII/P5CR protein as well as the energetics of the

proline oxidation reaction itself when cells are grown on proline as the sole source of

nitrogen.

It is well documented that the elevated expression of a foreign gene can place a

significant metabolic strain on the transgenic cell through a number of factors

associated with transcription and translation (Hinnen et al., 1989). The maintenance

of a high number of plasmid copies is in itself sufficient to reduce the growth rate of

theyeasthostcell (Walmsley eta1.,1983). As a result of the intense expression of a

foreign gene, the high level of foreign mRNA, especially when containing rare

codons, could cause growth inhibition by depleting tRNA and inhibiting the

translation of host mRNA containing rare codons. This effect was particularly noticed

when yeast were grown on minimal medium (Purvis et al., 1987). However,

significantly higher growth of PUl on minimal medium supplemented with di-

ammonium sulphate, when compared to growth on proline (Figure 5.7), indicates that

the reduced growth on proline was caused by the metabolism of this nitrogen source

rather than the biochemistry associated with the expression of the introduced soybean

gene.
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In addition to the energy expenditure associated with the synthesis of introduced

soybean PDII/P5CR, the reaction catalysed by this enzyme, which utilises NAD as a

cofactor, may influence the overall redox balance of the cell, especially when proline

is used as the sole nitrogen source. For metabolic reactions, cells utilise energy stored

in the form of ATP and reducing power in the form of nucleotide phosphates, mostly

NADPH. Under the strict anaerobic conditions applied during this study, the only

source for cellular synthesis of ATP and NADPH, through the pentose phosphate

pathway, was the fermentative oxidation of glucose. The initial oxidation of glucose

requires NAD as an electron acceptor. The resulting NADH is re-oxidised in the

reaction leading to the formation of ethanol, thus oxidation of glucose to pyruvate is

redox-balanced by the synthesis of ethanol. Further synthesis of most biomolecules is

a highly oxidative process with NAD acting as an oxidant (Nordstrom, 1966; Lagunas

& Gancedo, 1973). For these anabolic reactions to proceed, redox balance must be

maintained. In yeast, this is accomplished by the oxidation of NADH in the reaction

of glycerol formation. Glycerol is produced, in an energetically wasteful step,

through the reduction of dihydroxyacetone phosphate to glycerol-3-phosphate via

NAD-dependent glycerol-3-phosphate dehydrogenase followed by dephosphorylation

of glycerol-3-phosphate by a glycerol-3-phosphatase (Norbeck et al., 1996).

Glycerol, which serves as an electron sink, is excreted from the cell. It has been

shown that in S. cerevisiae, glycerol synthesis is the key reaction in the reoxidation of

NADH under anaerobic conditions thus maintaining intracellular redox balance

(Nordstrom, 1966; Oura, 1977). Mutants lacking functional glycerol-3-phosphate

dehydrogenase are unable to grow fermentatively on glucose. Their growth can be

restored by the addition of exogenous NADH oxidant (Ansell et al.,I99l).

NAD-dependent oxidation of proline by the introduced soybean PDII/PSCR would

present PU1 cells with an additional demand for NAD, as all the nitrogen for

biosynthesis had to be derived from proline. It is known that the need for oxidative

power, in the form of NAD, is much higher in yeast grown on minimal media, as
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compared to rich medium, even when nitrogen is supplied as readily assimilable

ammonium salts. This is reflected by the elevated production of glycerol (Lagunas &

Gancedo, L973; Van Dijken & Scheffers, 1986). In order to balance the NAD/I'{ADH

ratio, PUl cells would have to increase synthesis of glycerol which would lead to the

decrease in available energy - one mole of ATP is used for synthesis of one mole of

glycerol. This would manifest itself in the reduced growth rate and reduced final

biomass of the culture (Fig. 5.7).

5.4.3 Conclusions

Soybean proline oxidoreductase complemented a proline reductase deficient mutant of

S. cerevisia¿ DT1100. The introduced enzyme enabled yeast to utilise L-proline as

the sole source of nitrogen under strict anaerobic conditions. The growth rate and the

final cell count of the transgenic strain (5. cerevisiaePUI), when grown anaerobically

on L-proline, was markedly reduced. This could reflect biochemical constraints

associated with the expression and synthesis of the foreign protein and/or the

inefficiency of the pathway of anaerobic proline degradation.
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Chapter 6

General conclusions and further prospects

Saccharomyces cerevisiae sffain PUl was genetically modified to utilize L-proline, the

dominant nitrogen source in most grape musts (Chapters 1 and 2.L), as a sole source

of nitrogen under strict anaerobic conditions. This was achieved by introducing the

soybean gene encoding proline oxidoreductase (PDHÆ5CR) into yeast cells. By a

NAD-linked reaction, the proline oxidoreductase oxidizes L-proline to A'-pyrroline-5-

carboxylate, which in turn, is oxidized to glutamate - a key compound in the nitrogen

metabolism of yeasts. Wild type S. cerevisiae can not catabolise proline anaerobically

due to the functional link of proline oxidase to the oxygen-dependent electron

transport chain (ETC), and therefore the need for molecular oxygen.

It has been shown by in vitro studies that NAD-linked proline PDFI/P5CR is present

only in certain anaerobic bacteria, some algae and higher plants. It is also argued that

in plants, as in animals, proline degradation is catabolised by the ETClinked proline

oxidase (Chapter 2, Section 2.3.2). Before this work was undertaken, in vivo

catabolism of proline involving PDIVP5CR had been documented only for the

anaerobic bacterium Clostridium sporogenes (Chapter 2, Section 2.3.2.I). Growth of

PUl on L-proline as the sole nitrogen source under strict anaerobic conditions

indicates that PDIVP5CR of plants can function in a proline catabolic role in vivo in

yeast. Anaerobiosis or low oxygen concentration may be encountered by the aquatic

algae during thermal stratification of water (Harris, 1986) or in root systems of plants

growing in swampy soils. In such conditions the only route for proline catabolism

would proceed through NADlinked PDFVP5CR providing these organisms with

proline nitrogen. Strictly Or-dependent metabolism of animals may explain the

absence of functional PDFVP5CR in these organisms, whereas the exclusive Or-

dependent catabolism of proline by yeast may reflect the evolutionary history of this

group of organisms. It is likely that, in the case of S. cerevisiae, before it was
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employed in winemaking by mankind, its niche included the surfaces of sugar-rich

fruits which are likely to be well exposed to air, where evolution of the alcoholic

fermentation pathway would present S cerevisiae with the advantage over less alcohol-

tolerant species in competition for nutrients.

'When the PUl strain was provided with t-proline as the sole nitrogen source, it

showed a reduced rate of growth and reduced final cell number when compared to

growth on aÍìmonium ions (Chapter 5). The impaired growth of PUl on proline

could result from energetic demands associated with deriving all required nitrogen

from proline and, at the same time, synthesis of proline dehydrogenase encoded by

the introduced soybean gene. It is possible that providing the PDFI/P5CR carrying

strain with a medium containing a range of assimilable nitrogen compounds together

with proline as a supplement rather than as a sole nitrogen source, could result in

efficient growth.

V/hile proline uptake in yeast is redox insensitive, it is under the control of nitrogen

catabolite repression (NCR, Chapter 3). Strains insensitive to NCR could be obtained

by altering the proline transporter of S. cerevisiae or by introducing a foreign

transporter insensitive to the quality of nitrogen contained in the growth medium, such

as those present in Candidn albicans or Pseudomonas aeruginosa, (see Chapter 2

Section 2.2.2c). Such a modification would allow the concurrent uptake of proline

with other nitrogen containing compounds.

It has been shown that addition of assimilable nitrogen to nitrogen-deficient musts

effectively reduces production of hydrogen sulfide and prevents stuck fermentation

(Agenbach,1971; Vos & Gray, 7979 Jiranek, 1992). To allow the assimilation of L-

proline by yeast growth under oenological conditions, further work should deal with

combining a nitrogen-insensitive proline transporter and a NAD-linked PDH/P5CR

into a wine yeast. Utilising a low nitrogen-demanding ^S. cerevisiae strain could

further optimize fermentation, in relation to the nitrogen content of the must. Such
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modified yeasts would eliminate the need for nitrogen supplementation of the majority

of musts. It would also enable the supplementation of nitrogen deficient musts with

proline. Currently, nitrogen deficient musts are supplemented with ammonium salt, a

practice which may lead to production of ethyl carbamate (a suspected carcinogen)

and/or growth of undesirable microbial flora (Bisson, 1991). By using proline as a

nitrogen supplement, these detrimental factors would be eliminated as microbe

communities of fermenting grape juice can not utilise proline and its catabolism does

not produce undesirable compounds which may have health implications.

An anaerobic proline degrading pathway may also be introduced into a wine yeast

strain possessing parlicularly desirable winemaking characteristics. Dominance of

such a strain during the fermentation process could be controlled by the amount of

proline present in the must. Furlhermore, musts with a high proline to total nitrogen

content would give a selective advantage to such yeast. This could reduce the need for

SO, addition, which is normally added to grape musts as an antiseptic substance to

inhibit growth of indigenous yeast.

Proline is accumulated as a compatible solute by a number of organisms, including

grape vine (Vitis vinifera), in response to the high ionic and/or water deficit stress

(Schobert, L917; Stewart & Hanson, 1980; Itai & Paleg, 1982; LaRosa et al., l99I;

Saradhi & Saradhi, I99l; Delauney & Verma, 1993; Kelly & Register,1996). The

stress resistance of plants can be markedly increased by the genetic modifications of

proline synthetic pathway leading to the higher proline accumulation (Hanson et al.,

1994; Kishor et al., 1995; Nolte et al., 1997;Peng et al., 1996). Increased proline

accumulation in vegetative tissues leads to its increase concentration in fruits (Stewart

& Hanson, 1980; Flasinski & Rogozinska, 1985). Using molecular genetics

techniques, proline metabolism of grape vine can be modified resulting in drought and

salinity (conditions often encountered in the southern and western part of Australia)

resistant varieties. Increased proline nitrogen in the berries of such modified vines, till

now unutilized during wine fermentation, may serve as a nitrogen source in
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fermentationemployingaproline-utilizingstrainof S. cerevisiae. Such integration of

viticulture and wine-making may lead to a reduction or elimination of nitrogen

supplementation of fermenting musts, a practice which is under growing scrutiny due

to pressure for reduced use of additives and chemicals in food and beverage

manufacture.
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