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ABSTRACT

Enzyme concentrates are available for use in commercial wineries to aid in wine

processing, or to enhance wine quality. However, pectolytic enzyme remains the sole

product routinely used in most wineries. One disadvantage of some of the products

currently available commercially is they contain enzymes sourced from microorganisms

not usually associated with grape juice or wine, typically fungi such as Aspergillus

species. As a result, enzymes are inefficient catalysts under the harsh oenological

conditions. ln addition, some products contain secondary, and potentially undesirable,

contaminant enzyme activities. Clearly there is the potential to develop enzyme

preparations specifically for use in grape juice and wine. A potential source of such

enzymes are the lactic acid bacteria (LAB), the organisms more commonly associated

with the conduct of the malolactic fermentation (MLF) during vinification. ln this study, the

production of cell-associated enzymes with potential oenological applications by LAB was

investigated.

A screening of 50 LAB isolates for the production of lipases, esterases, tannases, and

polysaccharide-degrading enzymes revealed wine LAB can produce enzymes of

oenological importance. ln general, activity towards polysaccharide substrates was more

frequent among the lactobacilli and pediococci strains. Lipase activity was observed in

three lactobacilli, and all strains were found to have tannase activity. Similarly, all strains

displayed some esterase activity, although the activity was markedly stronger among the

Oenococcus oeni.

On the basis of the initial screen, a more detailed characterisation of the esterase activity

of selected LAB isolates was conducted. Esterase activity was examined across a range

of pH, temperature, and ethanol concentrations - all important oenological parameters. ln

addition, substrate specificity was determined using six ester substrates. ln general,

activity was maximal at pH values close to 6.0, and temperatures close to 40'C, although

exceptions were observed with some strains. lncreases in ethanol concentration resulted

in lower activity for most lactobacilli and pediococci, but stimulated the esterase activity of

all O. oeni.

Work conducted with dairy LAB isolates has suggested esterases may be capable of both

hydrolysing and synthesising esters. ln the wine industry, the results of some volatile-

profiling studies tend to support this theory, with concentrations of esters being reported to

both increase and decrease during MLF. Malolactic fermentation trials were conducted in



wine with six strains of O. oeniand GCMS was used to quantify particular esters before

and after MLF. Some esters were found to increase in concentration during MLF, while

others were found to decrease. These findings suggest LAB esterases are in fact capable

of both synthesising and hydrolysing ester substrates in wine.

To further dissect the esterase make-up of selected LAB strains, attempts to clone and

heterologously express three structural genes for these enzymes were made. Three

putative esterase genes were identified in O. oeniand cloned. Sequencing was completed

and alignment with published esterase sequences used to reveal theoretical proteins of

the O. oeni genes with high homology with those from other organisms. Of note, key

features, such as active site motifs, were conserved in each O. oeni sequence.

Expression of the recombinant proteins in Ê. coliresulted in higher esterase activity in one

of the clones compared to the host. These results indicate that the open reading frame of

one esterase gene in O. oenihas been identified.
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CHAPTER I

LITERATURE REVIEW

1.1 lntroduction

Two key groups of organisms are involved in the production of red, white and sparkling

wine. The yeasts, typically strains of Saccharomyces cerevisiae, carry out the primary or

alcoholic fermentation in which sugars are converted to ethanol and carbon dioxide. Lactic

acid bacteria (LAB), especially Oenococcus oeni (formerly Leuconostoc oenos; Dicks, et

al., 1995), conduct the secondary or malolactic fermentation (MLF) of wine by

decarboxylating L-malic acid to L-lactic acid and carbon dioxide (Wibowo, et al., 1985).

Apart from these two crucial reactions in grape vinification, a myriad of other changes

occur to complete the transformation of grape juice to wine. Compounds that stimulate the

visual, olfactory, gustatory and tactile senses are either released from the various

ingredients or are synthesised, degraded or modified during vinification. Many of these

processes involve the action of enzymes. Such enzymes can be free or cell associated

and originate from sources that include enzyme addition, the grapes themselves, the

grape microflora (fungi, yeast or bacteria), the inoculated microbes, or those associated

with winery equipment and storage vessels to which the wine is exposed during

production.

Current viticultural practices and vinification processes are essentially protocols for

favouring the activities of certain enzymes while discouraging the activities of others.

Thus, winemakers can broadly achieve desirable outcomes during fermentation by using

a selected wine yeast strain characterised by desirable physiological and hence

enzymatic properties (Lambrechts and Pretorius, 2000; Rainieri and Pretorius, 2000).

Conversely, adverse reactions, such as the browning associated with polyphenoloxidases,

can be minimised by excluding oxygen from the grape juice or through addition of sulphur

dioxide to inhibit enzyme activity (Boulton, et al., 1996).

A more recent strategy in the history of winemaking is the addition to juice or wine of a

microbial culture or enzyme preparation that confers a specific or select group of

enzymatic activities. These activities can either amplify the effect of indigenous enzymes

or introduce an activity that is novel (Villettaz and Dubourdieu, 1991 ; Colagrande, et al.,

1994). lnitially, such additives addressed issues of juice-processing efficiency and wine

recovery. Thus, the gelling seen in many fruit juices as a result of pectins has for many

decades been reduced or eliminated with pectinase enzymes, most often derived from
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Aspergillus fungi (van Rensburg and Pretorius, 2000), which increase juice extraction or

minimise filter blockage. Enzyme-based products that provide a broader range of benefits,

such as flavour enhancement or manipulation of colour, have now become available.

ln the development of new enzyme treatments, efforts have often been centred on

desirable activities identified in the microorganisms used or encountered during

vinification, especially the yeast (Charoenchai, et al., 1997; Ubeda lranzo, et al., 1998;

Fernández, et al., 2000; Strauss, et al., 2001).ln part, this approach has been taken

because of legal restrictions on the nature of additives that can be added to wine. lt is

unlikely that the use in winemaking of wine yeast with a novel enzymatic capability would

require regulatory approval, whereas the addition of an enzyme extract or purified enzyme

preparation may require such approval. Despite the appeal of this approach, extensive

efforts have yielded only a small number of technologically important enzymes, and even

fewer of these perform satisfactorily under winemaking conditions, which include a high

sugar (glucose and fructose) content, a low pH (pH 3.0 to 4.0), low temperatures (< 15"C),

and the presence of ethanol (up to 15o/o vlv or more) or sulphur dioxide.

lnterestingly, the LAB that grow and thrive in grape juice or wine under conditions that

interfere with the production and activity of desirable enzymes in yeast or fungi have been

poorly studied as a source of enzymes with potential usefulness in vinification. Young

wine can be a nutritionally deficient environment, which may lead to the elaboration of

numerous enzymatic activities by LAB for nutrient scavenging. Emerging findings detailed

throughout this review are confirming this notion. This review examines the potential of

LAB as a source of enzymes that could improve wine quality and complexity. The

malolactic enzyme, proteases and peptidases, glycosidases, polysaccharide-degrading

enzymes, esterases, ureases, phenoloxidases, and lipases are also discussed. Findings

from investigations in which wine LAB were used or which were performed under wine-like

conditions are emphasised. Where there are no oenological data, studies of LAB from

other processes, such as dairy processes, are referred to, but the analysis is limited to

those species also found in wine (based on a consensus derived from Boulton, et al.,

1996; Fugelsang, 1997; Ribéreau-Gayon, et al., 1999; du Plessis, et al., 2004). The

activities of greatest interest are those conferred by a single enzyme, ideally one with an

extracellular localisation. Such enzymes are most amenable to separation from the cell

biomass or preparation as an enzyme-enriched extract, which may be desirable when the

originating organism is difficult to grow or is not wanted in grape juice or wine. Some

topics that fall outside the scope of this review are covered elsewhere, including in

broader reviews of the role of enzymes in winemaking (van Rensburg and Pretorius,

6



2000) or of the implications of the growth and metabolic activity of LAB in grape juice and

wine (Liu, 2002).

1.2 The Malolactic Enzyme

The LAB most commonly associated with wine belong to O. oeniand select Lactobacillus

and Pediococcus species. The major function of LAB in winemaking is the conversion of

L-malic acid to L-lactic acid during the MLF. This conversion may be achieved by one of

three pathways (reviewed in Henick-Kling, et al., 1993; van Vuuren and Dicks, 1993).

Most wine-borne LAB decarboxylate L-malic acid to L-lactic acid and carbon dioxide in a

reaction catalysed by the malolactic enzyme without the release of intermediates. One

exception to this is observed in Lactobacillus caseiand Lactobacillus faecalis, which use a

malic enzyme (malate dehydrogenase) to metabolise L-malic acid to pyruvate. L-lactate

dehydrogenase then acts on pyruvate to produce L-lactic acid. A second exception is

evident in Lactobacillus fermentum, in which metabolism of L-malic acid yields D-lactic

acid, L-lactic acid, acetate, succinate and carbon dioxide.

Despite the importance of the MLF, its occurrence is both highly unpredictable and difficult

to control or manipulate (Henschke, 1993). Consequently, techniques that facilitate the

efficient and complete conversion of L-malic acid to L-lactic acid in grape juice and wine

have been sought. Such techniques aim to separate this central enzyme-driven

conversion from the often problematic growth of the source LAB in the wine. Examples

from the beverage and food industries include bioreactor systems comprising LAB cells

immobilised alone (Spettoli, et al., 1982; McCord and Ryu, 1985; Crapisi, et al., 1987a

and 1987b; Divies, 1989; Naouri, etal., 1991;Sodini, etal', 1997), LAB cellsco-

immobilised with yeast (Nedovic, et al., 2000), free O. oeni cells (Gao and Fleet, 1995) or

enzymes and co-factors (McCord and Ryu, 1985; Vaillant and Formisyn, 1996; Formisyn,

et al., 1997). The ability of the malolactic enzyme, as a single enzyme, to conduct the

conversion of L-malic acid to L-lactic acid has made it the activity of choice for such

bioreactor systems, as well as heterologous expression studies. A bioreactor comprising

NAD*, manganese ions, and the malolactic enzyme from Leuc. oenos strain 84.06

achieved a 62 to 75o/o conversion rate for L-malic acid to L-lactic acid in wine (Formisyn,

et al., 1997). lncomplete conversion was attributed to enzyme inactivation and instability

of the cofactor NAD* at wine pH (Gestrellius, 1 982; Colagrande, et al., 1994). The

expression of the malolactic enzyme encoded by the m/eS gene from Lactococcus lactis

in a S. cerevisiae wine yeast enabled it to effect the MLF and alcoholic fermentation

simultaneously (Volschenk, et al., 1997). Whether achieved via such recombinant

methods or via bioconversions with cells or enzyme preparations, the potential benefits of

7



enhanced application of malolactic enzyme warrant further research. ldentification of a

malolactic enzyme that is more resilient under wine conditions and improved delivery

systems is of foremost interest.

1.3 Proteolytic and Peptidolytic Enzymes

Grape juice nitrogen compounds include compounds that are variously essential or

detrimental to successful fermentation and wine quality. The bulk of the nitrogenous

fraction is comprised of the alpha amino acids and ammonium (Henschke and Jiranek,

1993; Boulton, et al., 1996), which along with peptides containing up to five amino acid

residues (Becker, et al., 1973; Naider, et al., 1974) represent the assimilable nitrogen

that is vital for yeast growth and fermentative activity (Busturia and Lagunas, 1986;

Salmon, 1989; Monteiro and Bisson,1992; Julien, et al., 2000) and suppression of

hydrogen sulphide (Guidici and Kunkee, 1994; Jiranek, et al., 1995; Spiropoulos and

Bisson, 2000; Gardner, et al., 2002). Conversely, the proteins of grape are considered a

nuisance as they become unstable in the finished wine and can precipitate to produce a

haze (Bayly and Berg, 1967; Hsu and Heatherbell,1987; Waters, et al., 1991).

Bentonite fining remains the most common and effective method for the removal of haze-

forming proteins from wine despite the unwanted effects of removing some assimilable

nitrogen, modifying the flavour and changing the kinetics of fermentation (Ough and

Groat, 1978; Heatherbell, et al., 1984; Bakalinsky and Boulton, 1985; Sponholz and Rapp,

1989; Canal-Llauberes, 1993; Ogrydziak, 1993). Proteases have been sought from a

variety of sources and evaluated as an alternative to bentonite treatment to remove

unwanted proteins while possibly also liberating assimilable nitrogen for exploitation by

yeast (Woiwodov, et al., 1982; Bakalinsky and Boulton, 1985; Modra, et al., 1990).

Commercial proteolytic preparations, such as trypsin and pepsin, do not function optimally

at the low temperatures and pH used during winemaking (Colagrande, et al., 1994).

Proteases from Aspergillus niger have similarly been unsuccessful under winemaking

conditions (Heatherbell, et al., 1984; Bakalinsky and Boulton, 1985). Modra et al. (1990)

studied five commercial peptidase preparations in wine, but none was found to

significantly reduce the bentonite concentration required to achieve heat stability.

Researchers have investigated wine and beer yeasts as alternate sources of such

enzymes, reasoning that these would be more suited to the conditions of the

corresponding fermentations, but generally the results have been disappointing (Nelson

and Young, 1986; Bilinski, et al., 1987; Rosi and Costamagna,1987t Lagace and Bisson,

1990; Dizy and Bisson, 2000; Strauss, et al., 2001). Alternate enzymes or alternate

B



sources are clearly called for, and thus the proteolytic and peptidolytic activities of LAB

are receiving greater attention.

Lactic acid bacteria are fastidious in their amino acid requirements (Garvie, 1967;

Fugelsang, 1997), and there is clear evidence that some LAB produce the activities

needed to procure peptides and amino acids to meet these requirements (Monnet, et al.,

1987; Farías, et al., 1996). Comprehensive reviews covering proteolytic and peptidolytic

activities across all genera of LAB are available elsewhere (Law and Kolstad, 1983;

Gripon, etal., 1991;Lawand Haandrikman, 1997; Christensen, etal., 1999). Mostworkin

this field has been performed by workers in the dairy industry, in which these enzymes are

directly involved in flavour and texture development (Eggiman and Bachmann, 1980;

Visser, et al., 1986; Williams and Banks, 1997) and are indirectly involved in the

maximisation of microbial cell growth by provision of essential amino acids (Gripon, et al.,

1991 ). Here, only findings from studies of wine-related species of LAB are summarised.

From Table 1.1 it is evident that activities designated as proteinases and several types of

peptidases are widely distributed across the three genera and 15 wine-related species

included. The potential importance of these activities for winemaking is in part linked to

the nature of the enzyme, its cellular location and how it is applied to the wine.

Activities that are lost to the culture supernatant or are associated with whole cells have

been reported for most species (Table 1.1). As a result, such activities could be evident in

intact cells of LAB when grown in grape juice or wine. Organisms whose growth is similar

to O. oeniand is most apparent after or toward the end of the primary fermentation, are

unlikely to have an impact on yeast growth. At this time yeast need minimal assimilable

nitrogen; therefore, any proteolytic or peptidolytic activity of LAB is beneficial mainly for

haze reduction. Conversely, sensitivity of most Lacfobacillus and Pediococcus to ethanol

(Wibowo, et al., 1985; van Vuuren and Dicks, 1993; Fugelsang, 1997)generally relegates

their growth in mixed cultures with yeast to the early stages of the primary fermentation.

Degradation of proteins and peptides at this early stage might not only affect protein haze

formation in the finished wine, but also release assimilable nitrogen to benefit yeast

growth.

The application of a cell-free enzyme extract is one way to dissociate a desired enzymatic

activity from the need to grow a particular LAB in grape juice or wine. This approach also

introduces the possibility of exploiting the considerable cohort of intracellular enzymes

identified to date, but it might be necessary to consider the stability of these enzymes

under wine conditions. ln considering the importance of individual enzyme types, proline-
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Table 1 .1. Proteolytic and peptidolytic activities of lactic acid bacteria. Activities are

listed by their cellular location and the substrates used to detect and quantify their

presence. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell debris; WC,

whole cells in liquid or solid culture; CS, culture supernatant; ABZ, aminobenzoyl;

AMC, 7-amino-4-methyl coumarin; Arg, arginine; ArAm, arylamide; BZ,benzyliCBZ,

benzyloxycarbonyl; FITC, fluorescein isothiocyanate; Gln, glutamine; Leu, leucine;

MeOsuc, methyoxysuccinyl; NAm, naphthylamide; p-NA, p-nitroanilide; Phe,

phenylalanine; Pro, proline; Tyr, tyrosine; X, amino acid (various). Data are limited to

that derived from species which can also be found in association with grape juice or

wine.



specific peptidases might'be less important in providing assimilable nitrogen since the

liberation of proline has little nutritional value to yeast cells because of their inability to

exploit this amino acid under oenological conditions (lngledew, et al., 1987; Salmon and

Barre, 1998).

,
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Table 1.1 (continued). Proteolytic and peptidolytic activities of lactic acid bacteria.

Activities are listed by their cellular location and the substrates used to detect and

quantify their presence. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; CS, culture supernatant; ABZ,

aminobenzoyl; AMC, 7-amino-4-methyl coumarin; Arg, arginine;ArAm, arylamide; BZ,

benzyl; CBZ,benzyloxycarbonyl; FITC, fluorescein isothiocyanate; Gln, glutamine; Leu,

leucine; MeOsuc, methyoxysuccinyl; NAm, naphthylamide; p-NA, p-nitroanilide; Phe,

phenylalanine; Pro, proline; Tyr, tyrosine; X, amino acid (various). Data are limited to

that derived from species which can also be found in association with grape juice or

wine.



Proline-specific
peptidase

p-NA derivatives
(Sasaki, et al.,
1995; Gobbetti, et
al., 199ôc; Williams
and Banks, 1997)

Pro-AMC
(Williams, et al.,
1998)

p-NA derivatives
(Gobbetti, et al.,
1 996c)

Tripeptidase

tripeptides
(Gobbetti, et
al., 1996c)

tripeptides
(Gobbetti, et
al., 1996c)

tripeptides
(Gobbetti, et
al., 1996c)

Dipeptidyl
peptidase

p-NA derivatives
(Williams and
Banks,1997;
Williams, et al.,
I 998)

AMG derivatives
(Williams, et al.,
I 998)

Dipeptidase

dipeptides
(El Soda, et al.,
1982; Gobbetti,
etal.,1996c;
Heneros, et al.,
2003)

dipeptides
(Gobbetti, et al.,
1 996c)

dipeptides
(Gobbetti, et al.,
1996c)

Aminopeptidase

p-NA derivatives
(El Soda, eta1.,1982;
Sasaki, et al., 1995;
Gobbetti, et al., 1996c;
Williams and Banks,
1997; Herreros, et al.,
2003)
AMG derivatives
(Williams, et al., 1998)

NAm derivatives
(El Soda, et al., 1982)

dipeptide
(El Soda, et al., 1982)

casetn
(Williams and Banks
1997)

p-NA derivatives
(Gobbetti, et al.,
I 996c)

p-NA derivatives
(Gobbetti, et al.,
1996c)

ArAm derivatives
(Herreros, et al., 2003)

Carbory-
PePtidase

cBz
derivatives
(Heneros, et
al., 2003)

Other Peptidase

succinyl-Phe-p-
NA and Gln-
Phe-p-NA
(El Soda, et al.,
1982)

digest of
albumin and
globulin
polypeptides
(Di Cagno, et al.,
2002)

Proteinase and
Endopeptidase

casein
(El Soda, et al., '1982;

Gobbetti, et al., 1996c;
Heneros, et al., 2003)

gluten
(Gobbetti. et al.. 1996c)
BZ-amino-p-NA
(Williams and Banks,
1 997)
BZ-peptide-p.NA
(Williams and Banks,
1 997)
GBZ-amino-p.NA
(Williams and Banks,
1 997)

alactalbumin whey
protein
(El Soda, etal.,1982)
p-lactoglobulin whey
protein
(El Soda, et al., 1982)
ABZ-peptide-p-NA
(Williams and Banks,
1 997)
casein
(Gobbetti. et al.. 1996c)
gluten
(Gobbetti, et al., 1996c)
casetn
(Dicks and Van Vuuren,
1988; Gobbetti, et al.,
I 996c)
gluten
(Gobbetti, et al., 1996c)
gelatine
(Dicks and Van Vuuren,
1988)

Enzyme
Location

CFE

CD

WC

Organism

Lb. brevis
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Proline-specific
peptidase

dipeptides
(Williams and
Banks,1997)

Pro-AMG
(Williams, et al.,
1 998)

p-NA derivatives
(Sasaki, et al.,
1 ee5)

N-terminal
pentapeptide of
bradykinin
(Williams and
Banks, 1997)

p-NA derivatives
(Hegazi and Abo-
Elnaga,1987;
Requena, et al.,
',l993; Sasaki, et
al., 1995;
Femández de
Palencia, et al.,
1997b; Tobiassen,
etal.,1997b;
Williams and
Banks,1997)

Tripeptidase

tripeptides
(Williams and
Banks,1997)

tripeptides
(Brandsaeter
and Nelson,
1956a; Abo-
Elnaga and
Plapp,1987;
Sasaki, et al.,
1995; Williams
and Banks,
1997)

Dipeptidyl
peptidase

p-NA derivatives
(Williams and
Banks,1997)

AMC derivatives
(Williams, et al.,
1 998)

p-NA derivatives
(Dako, et al.,
1995; Williams
and Banks, 1997;
Williams, et al.,
1 998)

Dipeptidase

dipeptides
(El Soda, et al.,
1982; Williams
and Banks,
1 997)

dipeptides
(Brandsaeter
and Nelson,
1956a; El Soda,
et al., 1978a and
1978b; Frey, et
al., 1986; Abo-
Elnaga and
Plapp, 1987;
Requena, et al.,
',l993; Sasaki, et
al., 1995;
Femández-
Esplá, et al.,
1997a:
Femández-Esplá
and Martín-
Hemández,
1997; Williams
and Banks,
1997; Heneros,
et al., 2003)

Aminopeptidase

dipeptides
(El Soda, et al.,
1e82)

AMG derivatives
(Williams, et al.,
r 998)

NAm
derivatives
(El Soda, et al.,
I 982)

P-NA
derivatives
(El Soda, et al.,
1982; Sasaki, et
al., 1995;
Williams and
Banks.1997)

AMC derivatives
(Sanz and
Toldrá, 1997;
Williams, et al.,
1998; Sanz, et
al., 1999b)

unspecified
aminopeptidase
substrates
(Park, et al.,
19951

NAm
derivatives
(Abo-Elnaga and
Plapp, 1987;
Arora, et al.,
1990; Sasaki, et
al., 1995)
goat's milk curd
peptides (Parra,
et al., 1996)

Carbory-
peptidase

GBZ-derivatives
(El Soda, et al.,
1 978a and
1978b; Abo-
Elnaga and
Plapp, 1987;
Heneros, et al.,
2003)

Other Peptidase

water-soluble
Gheddar
cheese
peptides
(Park, et al.,

1 995)

succinyl-Phe-p-
NA and Gln-
Phe-p-NA (aryl-
peptidyl
amidase)
(El Soda and
Desmazeaud,
1981 )

Proteinase and
Endopeptidase

milk protein
(Herreros, et al., 2003)

casein
(El Soda, etal.,1982)

resorutin-labelled
casein
lSasaki. et al.. 't995)

MeOs uc-Arg -Pro-Tyr-p-
NA
(Sasaki, et al., 1995)

cJactalbumin whey
protein
Gl Soda. et al.. 1982)
pJactoglobulin whey
protein
(El Soda, et al., 1982)

casetn
(Baribo and Foster,
1952; Brandsaeter and
Nelson, 1956b; El Soda,
et al., 1978a; Hegazi and
Abo-Elnaga, 1 987;
Tobiassen, et al., 1997b;
Herreros, et al., 2003)

Enzyme
Location

wc
(continued)

CFE

CFE

Organism

Lb. brevis
(continued)

Lb. buchneri

Lb. casei
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Table 1.1 (continued). Proteolytic and peptidolytic activities of lactic acid bacteria.

Activities are listed by their cellular location and the substrates used to detect and

quantify their presence. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; CS, culture supernatant; ABZ,

aminobenzoyl; AMC, 7-amino-4-methyl coumarin; Arg, arginine; ArAm, arylamide; BZ,

benzyl; CBZ,benzyloxycarbonyl; FITC, fluorescein isothiocyanate; Gln, glutamine; Leu,

leucine; MeOsuc, methyoxysuccinyl; NAm, naphthylamide; p-NA, p-nitroanilide; Phe,

phenylalanine; Pro, proline; Tyr, tyrosine; X, amino acid (various). Data are limited to

that derived from species which can also be found in association with grape juice or

wine.



Proline-specific
peptidase '

dipeptides
(Sasaki, et al.,
1995; Fernández
de Palencia, et al.,
1997a; Fernández-
Esplá, et al.,
1997b; Williams
and Banks. 1997)

tripeptides
(Fernández de
Palencia, et al.,
1 997a)
AMG derivatives
(Habibi-Najafi and
Lee, 1994; Park, et
al., 1995; Williams,
et al.. 1998)
N-terminal
pentapeptide of
bradykinin
(Williams and
Banks,1997;
Williams, et al.,
1 998)
NAm derivatives
(Habibi-Najafi and
Lee, 1994; Sasaki,
etal.,1995)

TripeptidaseDipeptidyl
peptidase

AMC derivatives
(Williams, et al.,
1998)

NAm derivatives
(Sasaki, et al.,
r 9e5)

DipeptidaseAminopeptidase

dipeptides
(El Soda, et al.,
1978b; Arora and
Lee,1992;
Fernández de
Palencia, et al.,
1997b; Fernández-
Esplá, et al.,
1 997a)

p-NA derivatives
(El Soda, et al.,
1978a and 1978b;
Frey, et al., 1986;
Abo-Elnaga and
Plapp,1987;
Hegazi and Abo-
Elnaga,1987;
Arora and Lee,
1992; Requena, et
al., 1993; Dako, et
al., 1995; Park, et
al., 1995; Sasaki,
et al., 1995;
Fernández de
Palencia, et al.,
1997a and 1997b;
Fernández-Esplá,
etal.,1997a;
Tobiassen, et al.,
1997b; Williams
and Banks, 1997;
El Soda, et al.,
1999; Sanz, et al.,
1999b; Herreros, et
al., 2003)

Carboxy-
peptidaseOther PeptidaseProteinase and

Endopeptidase

N,Ndimethyl casein
(Frey, et al., 1986)

resorutinJabelled
casein
(Sasaki, et al., 1995)

milk protein
(Hegazi,1987)

ABZ-peptide-p-NA
(Williams and Banks,
1 997)

BZ-peptide-p-NA
(Williams and Banks,
I 997)

GBZ-peptide-p-NA
(El Soda, et al., 1978a;
Tobiassen, et al.,
1997b; Williams and
Banks,1997)

MeOsuc-tripeptide-p-
NA
(Sasaki, et al., 1995)

Enzyme
Location

CFE
(continued)

Organism

Lb. casei
(continued)

13



Table 1.1 (continued). Proteolytic and peptidolytic activities of lactic acid bacteria.

Activities are listed by their cellular location and the substrates used to detect and

quantify their presence. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; CS, culture supernatant; ABZ,

aminobenzoyl; AMC, 7-amino-4-methyl coumarin; Arg, arginine; ArAm, arylamide; BZ,

benzyl; CBZ,benzyloxycarbonyl; FITC, fluorescein isothiocyanate; Gln, glutamine; Leu,

leucine; MeOsuc, methyoxysuccinyl; NAm, naphthylamide; p-NA, p-nitroanilide; Phe,

phenylalanine; Pro, proline; Tyr, tyrosine;X, amino acid (various). Data are limited to

that derived from species which can also be found in association with grape juice or

wine.



Proline-specific
peptidase

p-NA derivatives
(Tobiassen, et al.,
1 997b)

TripeptidaseDipeptidyl
peptidaseDipeptidaseAminopeptidase

tripeptides
(Fernández de
Palencia, et al.,
1997b)(El Soda,
etal.,1978b;
Femández-Esplá,
etal.,1997a)

p-NA derivatives
(Tobiassen, et al.,
1 997b)

goat's milk curd
peptides
(Parra, et al.,
I 996)

NAm derivatives
(Arora, et al.,
r 990)

p-NA derivatives
(Requena, et al.,
1ee1)

ArAm derivatives
(Herreros, et al.,
2003)

NAm derivatives
(Suárez, et al.,
1984; Requena, et
al.,1991)

goat's milk curd
peptides
(Pana, et al.,
I 996)

Garbory-
peptidase

GBZ-tripeptide-
P-NA
(Tobiassen, et
al.,1997b)

Other
Peptidase

cheddar
cheese slurry
peptides
(Muehlenkamp-
Ulate and
Warthesen,
1 9ee)

Proteinase and
Endopeptidase

peptide-p-NA
derivatives
(Hegazi and Abo-Elnaga,
1 987)

N-Gln-Phe-2-NAm
(Arora, et al., 1990; Park,
etal.,1995)
methionine enkephalin
lTobiassen. et al.. 1997b1

casein
(El Soda, et al., 1986b;
Kojic, et al., 1991; Næs,
et al., 1991 ; Femández
de Palencia, et al.,
1997c; Tobiassen, et al.,
I 997b)

haemoglobin
(Næs, et al., 1991)

GBZ-tripeptide-p-NA
lTobiassen. et al.. 1997b)

MeOsuc-tripeptide-p-
NA
(Fernández de Palencia,
et al.. 1997c)

casein
(Hickey, et al., 1983;
Suárez, et al., 1984;
Heoazi.1987)

casein-FITG
(Sanz, et al., 1999b)

milk protein
(Brandsaeter and
Nelson, 1956b; Requena,
et al., 1991; Drake, et al.,
1999; Herreros, et al.,
2003: Badis. et al.. 2004)

N-benzoyl-DL-Phe-2-
NAm
(Suárez, et al., 1984;
Requena, et al., 1991)

Enzyme
Location

CFE
(continued)

CD

wc

Organism

Lb. casei
(continued)
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Table 1.1 (continued). Proteolytic and peptidolytic activities of lactic acid bacteria.

Activities are listed by their cellular location and the substrates used to detect and

quantify their presence. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; CS, culture supernatant; ABZ,

aminobenzoyl; AMC,7-amino-4-methyl coumarin; Arg, arginine; ArAm, arylamide; BZ,

benzyl; CBZ,benzvloxycarbonyl; FITC, fluorescein isothiocyanate; Gln, glutamine; Leu,

leucine; MeOsuc, methyoxysuccinyl; NAm, naphthylamide; p-NA, p-nitroanilide; Phe,

phenylalanine; Pro, proline; Tyr, tyrosine; X, amino acid (various). Data are limited to

that derived from species which can also be found in association with grape juice or

wine.



Prolinespecific
peptidase

N-terminal
pentapeptide of
bradykinin
(Williams and
Banks,1997;
Williams, et al.,
1 998)

Pro-AMG
(Williams, et al.,
1 998)

dipeptides
(Williams and
Banks,1997)

X-Pro-p-NA
derivatives
(Magboul and
McSweenev. 2000)
X-Pro-X
tripeptides
(Magboul and
McSweeney,2000)

Tripeptidase

tripeptides
(Williams and
Banks,1997)

Dipeptidyl
peptidase

p-NA derivatives
(Williams and
Banks,1997;
Perez, et al.,
2003)

AMG derivatives
(Williams, et al.
I ee8)

Dipeptidase

dipeptides
(Williams and
Banks,1997;
Magboul and
McSweeney,
1 999c)

Aminopeptidase

p-NA derivatives
(Requena, et al.,
1991)

p-NA derivatives
(Williams and
Banks,1997;
Fadda, et al.,
1999a; Magboul
and McSweeney,
1 999a and 1 999b
Sanz, et al.,
1999a; Perez, et
al., 2003)
dipeptides
(Magboul and
McSweeney,
I 999a and 1 999b)

tripeptides
(Magboul and
McSweeney,
1999b)
tetrapeptides
(Magboul and
McSweeney,
1 999b)
pentapeptides
(Magboul and
McSweeney,
1 999b)
AMG derivatives
(Fadda, et al.,
1999a; Sanz, et
al.,1999a)
ArAm derivatives
(Tamang, et al.,
2000;
Papamanoli, et
al., 2003)

Carbory-
peptidaseOther Peptidase

cheddar cheese
slurry peptides
(Muehlenkamp-
Ulate and
Warthesen,
I 999)

Proteinase and
Endopeptidase

ABZ-peptide-p-NA
(Williams and Banks,
I 997)

BZ-amide-p-NA
(Williams and Banks,
1997)

BZ-peptide-p-NA
(Williams and Banks,
I 9s7)

GBZ-amide-p-NA
(Williams and Banks,
1 997)

casein-FITC
(Fadda, et al., 1999a;
Sanz, et al., 1999a)

Enzyme
Location

CD + CFE

CFE

wc

Organism

Lb. casei
(continued)

Lb. curuatus
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Table 1.1 (continued). Proteolytic and peptidolytic activities of lactic acid bacteria.

Activities are listed by their cellular location and the substrates used to detect and

quantify their presence. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; CS, culture supernatant; ABZ,

aminobenzoyl; AMC, 7-amino-4-methyl coumarin; Arg, arginine; ArAm, arylamide; BZ,

benzyl; CBZ,benzyloxycarbonyl; FITC, fluorescein isothiocyanate; Gln, glutamine; Leu,

leucine; MeOsuc, methyoxysuccinyl; NAm, naphthylamide; p-NA, p-nitroanilide; Phe,

phenylalanine; Pro, proline; Tyr, tyrosine; X, amino acid (various). Data are limited to

that derived from species which can also be found in association with grape juice or

wine.



Proline-specific
peptidase

p-NA derivatives
(Gobbetti, et al.,
1 996c)

Pro-p-NA
(Gobbetti, et al.
I 996c)

Tripeptidase

tripeptides
(Gobbetti, et
a|.,1996c)

tripeptides
(Gobbetti, et
al.,1996c)

tripeptides
(Gobbetti, et
aI.,1996c)
tripeptides
(Gobbetti, et
al.,1996c)

Dipeptidyl
peptidaseDipeptidase

dipeptides
(Gobbetti, et al.,
1 996c)

dipeptides
(Gobbetti, et al.
I 996c)

dipeptides
(Gobbetti, et al.,
I 996c)
dipeptides
(Gobbetti, et al.,
1 996c)

Aminopeptidase

AMG derivatives
(Williams, et al.,
1998; Sanz, et al.,
1 999a)

ArAm derivatives
(Tamang, et al.,
2000; Olasupo, et
al., 2001)

p-NA derivatives
(Gobbetti, et al.,
1 996c)

p-NA derivatives
(Gobbetti, et al.,
I 996c)
p-NA derivatives
(Gobbetti, et al.,
1 996c)

Carbory-
peptidase

CBZ-Leu
(Gobbetti, et
al., 1996c)

CBZ-Leu
(Gobbetti, et
al., 1996c)

Other Peptidase

digest of albumin
and globulin
polypeptides
(Di Cagno, et al.,
2002)

digest of albumin
and globulin
polypeptides
(Di Cagno, et al.,
2002)

digest of albumin
and globulin
polypeptides
(Di Cagno, et al.,

2002)

Proteinase and
Endopeptidase

milk protein
(Perez. et al.. 2003)
casetn
(Papamanoli, et al.,
2003)

azocasein
(Pereira. et al.. 2001)
azoalbumin
(Pereira. et al.. 2001)

casein
(Gobbetti, et al.,
1 996c)
gluten
(Gobbetti, et al.,
1 996c)

casein
(Gobbetti, et al.
1 996c)
gluten
(Gobbetti, et al.
1 996c)

casein
(Gobbetti, et al.,
1 996c)
gluten
(Gobbetti, et al.,
I 996c)

casein
(Dicks and Van
Vuuren.1988)
gelatine
(Dicks and Van
Vuuren.1988)

azocasein
(Pereira. et al.. 2001)
azoalbumin
(Pereira, et al., 2001)

Enryme
Location

wc
(continued)

CS

wc

CFE

CD

wc

WC

cs

Organism

Lb. curvatus
(continued)

Lb. fermentum

Lb,
fructivorans

Lb. hilgardii

Lh.
homohiochii
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Table 1.1 (continued). Proteolytic and peptidolytic activities of lactic acid bacteria.

Activities are listed by their cellular location and the substrates used to detect and

quantify their presence. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; CS, culture supernatant; ABZ,

aminobenzoyl; AMC, 7-amino-4-methyl coumarin; Arg, arginine; ArAm, arylamide; BZ,

benzyl; CBZ,benzyloxycarbonyl; FITC, fluorescein isothiocyanate; Gln, glutamine; Leu,

leucine; MeOsuc, methyoxysuccinyl; NAm, naphthylamide; p-NA, p-nitroanilide; Phe,

phenylalanine; Pro, proline; Tyr, tyrosine; X, amino acid (various). Data are limited to

that derived from species which can also be found in association with grape juice or

wine.



Proline-specific
peptidase

X-Pro-p-NA
(Tobiassen, et
al.,1997b;
Swearingen, et
a|.,2001\

dipeptides
(Williams and
Banks,1997)

Pro-AMG
(Williams, et al
I 998)

N-terminal
pentapeptide of
bradykinin
(Williams and
Banks,1997;
Williams, et al.,
1 998)

P-NA
derivatives
(Sasaki, et al.,
I s95)

Tripeptidase

tripeptides
(Gómez, et al.,
1 996)

p-NA derivatives
(Williams and
Banks,1997)

Dipeptidyl
peptidase

P-NA
derivatives
(Gómez, et al.,
1996; Williams
and Banks,
1997; Bintsis, et
al., 2003; Perez,
et al., 2003)

AMC
derivatives
(Williams, et al.,
1 e98)

Dipeptidase

dipeptides
(Gómez, et al.,
199ô; Williams
and Banks,
1997; Bintsis, et
al., 2003)

P.NA
derivatives
(Williams and
Banks,1997)

Aminopeptidase

p-NA derivatives
(Sasaki, et al.,
1995; Gómez, et
al., 1996;
Tobiassen, et al.,
I 997b;
Swearingen, et al.,
2001 ; Bintsis, et al.,
2003; Perez, et al.,
2003)

AMG derivatives
(Williams, et al.,
1 998)

Garbory-
peptidase

N-CBZ-linked
dipeptides
(Gómez, et
al., 1996;
Bintsis, et al.,
2003)

hippuryl-Arg
(Bintsis, et al.,
2003)

Other
Peptidase

8-13 residue
oligopeptides
(Tobiassen, et
al.,1997a)

Proteinase and
Endopeptidase

casein
(Tobiassen, et al.,
1 997b)

resorutinlabelled
casein
lSasaki. et al.. 1995)

ovrne caseln
(Bintsis, et al., 2003)

benzoyl-amino-p-NA
(Bintsis, et al., 2003)

methionine eukephalin
(Tobiassen, et al.,
1 997b)

ABZ-peptide-p-NA
(Williams and Banks,
I 997)

BZ-peptide-p-NA
(Sasaki, et al., 1995;
Williams and Banks,
1 9971

GBZ-peptide-p-NA
(Tobiassen, et al.,
1997b; Williams and
Banks.1997)

MeOsuc-tripeptide-p-
NA
lSasaki. et al.. 19951

acetyl-amino-p-NA
(Bintsis. et al.. 2003)

N-succinyl-ami no-p-NA
(Williams and Banks,
1997; Bintsis, et al.,
2003)

Enzyme
Location

CFE

Organism

Lb. paracasei
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Table 1.1 (continued). Proteolytic and peptidolytic activities of lactic acid bacteria.

Activities are listed by their cellular location and the substrates used to detect and

quantify their presence. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; CS, culture supernatant', ABZ,

aminobenzoyl; AMC, 7-amino-4-methyl coumarin;Arg, arginine; ArAm, arylamide; BZ,

benzyl; CBZ,benzyloxycarbonyl; FITC, fluorescein isothiocyanate; Gln, glutamine; Leu,

leucine; MeOsuc, methyoxysuccinyl; NAm, naphthylamide; p-NA, p-nitroanilide; Phe,

phenylalanine; Pro, proline; Tyr, tyrosine; X, amino acid (various). Data are limited to

that derived from species which can also be found in association with grape juice or

wine.



Proline-specific
peptidase

X-Pro-p-NA
(Tobiassen, et al.,
1997b)

p-NA derivatives
(Hegazi and Abo-
Elnaga,1987;
Requena, et al.,
1993; Sasaki, et al.
't995; Gobbetti, et
al., 1996c; Williams
and Banks, 1997)

Tripeptidase

tripeptides
(Gobbetti, et
al.,1996c;
Gómez, et
al.,'1996;
Williams and
Banks,1997)

Dipeptidyl
peptidase

AMG derivatives
(Williams, et al.,
I 998)

p-NA derivatives
(Dako, et al., 1995;
Gómez, et al.,
1996; Williams and
Banks,1997;
Williams, et al.,
1998; Perez, et al.,
2003)

Dipeptidase

dipeptides
(Requena, et al.,
1993; Gobbetti,
et al., 1996c;
Gómez, et al.,
1996; Herreros,
et al., 2003)

Aminopeptidase

p-NA derivatives
(Tobiassen, et al.,
I 997b)

ArAm derivatives
(Tamang, et al.,
2000)

caprine and
ovine curdled
milk substrates
(Freitas, et al.,
1 e99)

AMC derivatives
(Williams, et al.,
1 998)

p-NA derivatives
(Hegazi and Abo-
Elnaga,1987;
Requena, et al.,
1993; Dako, et al.,
1995; Sasaki, et
al., 1995;
Gobbetti, et al.,
1996c; Gómez, et
al., 1996; Ztaliou,
et al., 1996;
Williams and
Banks,1997;
Fadda, et al.,
1999b; Herreros,
et al., 2003;
Perez, et al.,
2003)

Garbory-
peptidase

GBZ derivatives
(Abo-Elnaga and
Plapp,1987;
Gobbetti, et al.,
'1996c; Gómez,
et al., 1996;
Heneros, et al.,
2003)

Other
Peptidase

cheddar
cheese slurry
peptides
(Muehlenkamp-
Ulate and
Warthesen,
1 999)
caprine and
ovine curdled
milk peptides
(Freitas, et al.,
1 999)

p-casein
hydrolysate
(Klein, et al.,
2002)

Proteinase and
Endopeptidase

casern
(Tobiassen, et al.,
1 997b)
methionine eukephalin
(Tobiassen, et al.,
1 997b)

casetn
(Sookkhee, et al., 2001;
Perez, et al., 2003)

milk protein
(Drake, et al., 1999;
Durlu-Ozkaya, et al.,
2001i Perez, et al., 2003;
Badis, et al..2OO4\
caprine and ovine
curdled milk protein
(Freitas. et al.. 1999)

milk protein
(Drake, et al., 1999)

casein
(Hegazi and Abo-Elnaga
1987; Gobbetti, et al.,
1996c; Ztaliou, et al.,
1996; Magboul, et al.,
1997; Herreros, et al.,
2003)

Enryme
Location

CD

wc

CFE

wc

CFE

Organism

Lb. paracasei
(continued)

Lb. penfosus

Lb. plantarum
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Table 1.1 (continued). Proteolytic and peptidolytic activities of lactic acid bacteria.

Activities are listed by their cellular location and the substrates used to detect and

quantify their presence. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; CS, culture supernatant: ABZ,

aminobenzoyl; AMC, 7-amino-4-methyl coumarin; Arg, arginine; ArAm, arylamide; BZ,

benzyl; CBZ,benzyloxycarbonyl; FITC, fluorescein isothiocyanate; Gln, glutamine; Leu,

leucine; MeOsuc, methyoxysuccinyl; NAm, naphthylamide; p-NA, p-nitroanilide; Phe,

phenylalanine; Pro, proline; Tyr, tyrosine; X, amino acid (various). Data are limited to

that derived from species which can also be found in association with grape juice or

wine.



Proline-specific
peptidase

dipeptides
(Williams and
Banks,1997)

Pro-AMG
(Williams, et al.,
1 998)

N-terminal
pentapeptide of
bradykinin
(Williams and
Banks,1997;
Williams, et al.,
1 998)

P-NA
derivatives
(Gobbetti, et al.,
1996c)

Tripeptidase

tripeptides
(Gobbetti, et
al., 1996c)

tripeptides
(Gobbetti, et
al., 1996c)

Dipeptidyl
peptidase

AMC
derivatives
(Williams, et al.,
1e98)

Dipeptidase

dipeptides
(Gobbetti, et al.,
1 996c)

dipeptides
(Gobbetti, et al.,
1 996c)

Aminopeptidase

AMC derivatives
(Williams, et al.,
1998; Fadda, et al.,
I 999b)

p-NA derivatives
(Gobbetti, et al.,
1 996c)

goat's milk curd
peptides
lParra. et al.. 19961

p-NA derivatives
(Requena, et al.,
1991;Gobbetti, et
al.,1996c)

ArAm derivatives
(Tamang, et al.,
2000; Medina, et al.
2001; Herreros, et
al., 2003;
Papamanoli, et al.,
2003)

Carboxy-
peptidase

dipeptides
(Abo-Elnaga
and Plapp,
1 987)

tripeptides
(Abo-Elnaga
and Plapp,
1 987)

cBz
derivatives
(Gobbetti, et
al., 1996c)

Other
Peptidase

digest of
albumin and
globulin
polypeptides
(Di Cagno, et
al.,2002)

caprine and
ovine curdled
milk peptides
(Freitas, et al.,
r 999)

Proteinase and
Endopeptidase

resorutinlabelled
casein
(Sasaki, et al., 1995)

gluten
(Gobbetti, et al., 1996c)

ABZ-peptide-p-NA
(Williams and Banks,
I 997)

BZ-peptide-p-NA
Williams and Banks,
1 997)

peptide-p-NA
derivatives
(Hegazi and Abo-Elnaga,
I 987)

casetn
(El Soda, et al., 1986b;
Gobbetti, et al., 1996c)

gluten
(Gobbetti, et al., 1996c)

casetn
(Hickey, et al., 1983;
Suárez, et al., 1984;
Gobbetti, et al., 1996c;
Freitas, et al., 1999;
Papamanoli, et al., 2003;
Perez, et al., 2003)
casein-FITC
(Fadda, et al., 1999b)

Enryme
Location

CFE
(continued)

CD

wc

Organism

Lb. plantarum
(continued)
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Table 1.1 (continued). Proteolytic and peptidolytic activities of lactic acid bacteria.

Activities are listed by their cellular location and the substrates used to detect and

quantify their presence. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; CS, culture supernatant; ABZ,

aminobenzoyl; AMC, 7-amino-4-methyl coumarin; Arg, arginine; ArAm, arylamide; BZ,

benzyl; CBZ,benzyloxycarbonyl; FITC, fluorescein isothiocyanate; Gln, glutamine; Leu,

leucine; MeOsuc, methyoxysuccinyl; NAm, naphthylamide; p-NA, p-nitroanilide; Phe,

phenylalanine; Pro, proline; Tyr, tyrosine;X, amino acid (various). Data are limited to

that derived from species which can also be found in association with grape juice or

wine.



Proline-specific
peptidase

X-Pro-p-NA
derivatives
(Sanz and
Toldrá, 2001)

X-Pro-AMC
derivatives
(Sanz and
Toldrá, 2001)

tripeptides
(Sanz and
Toldrá,2001)
pentapeptides
(Sanz and
Toldrá, 2001)

Tripeptidase

tripeptides
(Sanz, et al.,
r ee8)

Dipeptidyl
peptidaseDipeptidase

dipeptides
(Montel, et al.,
I 9e5)

Aminopeptidase

NAm derivatives
(Suárez, et al., 1984;
Requena, et al.,
1991)

caprine and ovine
curdled milk
substrates
(Freitas, et al., 1999)

p-NA derivatives
(Requena, et al.,
1991)

p-NA derivatives
(Sanz and Toldrá,
1997; Fadda, et al.,
1999a; Sanz, et al.,
1 999a; Sanz and
Toldrâ.2OO2l
AMC derivatives
(Sanz and Toldrá,
1997; Fadda, et al.,
1999a; Sanz, et al.,
1 999a; Sanz and
foß¡â.2OO2\
dipeptides
(Sanz and Toldrá,
1997 and2OO2\
oligopeptides
(Sanz and Toldrá,
I 997)

Carbory-
peptidase

Other
Peptidase

Proteinase and
Endopeptidase

milk protein
(Hegazi,1987;
Requena, et al., 1991;
Ztaliou, et al., 1996;
Xanthopoulos, et al.,
2000; Durlu-Ozkaya, et
al.,2OO1; Herreros, et
al., 2003; Perez, et al.,
2003; Badis, et al.,
2004)
caprine and ovine
curdled milk
(Freitas, et al., 1999)

gluten
(Gobbetti, et al., 1996c;
Peoe. et al.. 2003)
N-benzoyl-DL-Phe-2-
NAm
lSuárez. et al.. 1984)

Enzyme
Location

wc
(cont)

GD +CFE

CFE

Organism

Lb. plantarum
(continued)

Lb. sakei
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Table 1.1 (continued). Proteolytic and peptidolytic activities of lactic acid bacteria.

Activities are listed by their cellular location and the substrates used to detect and

quantify their presence. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; CS, culture supernatant; ABZ,

aminobenzoyl;AMC, 7-amino-4-methyl coumarin; Arg, arginine; ArAm, arylamide; BZ,

benzyl; CBZ,benzyloxycarbonyl; FITC, fluorescein isothiocyanate; Gln, glutamine; Leu,

leucine; MeOsuc, methyoxysuccinyl; NAm, naphthylamide; p-NA, p-nitroanilide; Phe,

phenylalanine; Pro, proline; Tyr, tyrosine;X, amino acid (various). Data are limited to

that derived from species which can also be found in association with grape juice or

wine.



Proline-
specific

peptidase
Tripeptidase

tripeptides
(Simitsopoulou,
etal.,1997)

Dipeptidyl
peptidase

P-NA
derivatives
(Dako, et al.,
I 995)

NAm derivative
(Bhowmik and
Marth. 1990)

P-NA
derivatives
(Vafopoulou-
Mastrojiannaki
et al., 1994)

NAm derivative
(Bhowmik and
Marth, 1990)

Dipeptidase

dipeptides
(Bhowmik and
Marth, 1990)

dipeptides
(Bhowmik and
Marth, 1990;
Vafopoulou-
Mastrojiannaki
et al., 1994)

Aminopeptidase

ArAm derivatives
(Papamanoli, et al.
2003)

p-NA derivatives
(Dako, et al., 1995)

NAm derivatives
(Bhowmik and
Marth. 1990)

p-NA derivatives
(Vafopoulou-
Mastrojiannaki, et
al., 1994)

NAm derivatives
(Bhowmik and
Marth, 1990)

ArAm derivatives
(Molina and Toldrá,
1992; Olasupo, et
a|..2001)

Carbory-
peptidase

GBZlinked
dipeptides
(Vafopoulou-
Mastrojiannaki
et al., 1994)

hippuryl-Arg
(Vafopoulou-
Mastrojiannaki
et al., 1994)

Other
Peptidase

p-casein
hydrolysate
(Klein, et al.,
2002)

Proteinase and
Endopeptidase

casein
(Papamanoli, et al.,
2003)
casein-FITG
(Fadda, et al., 1999a;
Sanz. et al.. 1999a)
gluten
(Peoe. et al.. 2003)

casein
(Bhowmik and Marth,
r ego)

casein
(Bhowmik and Marth,
1990; Vafopoulou-
Mastrojiannaki, et al.,
1 ee4)

BZ-Arg-p-NA
(Vafopoulou-
Mastrojiannaki, et al.,
I 994)
N-acetyl-Ala-p-NA
(Vafopoulou-
Mastrojiannaki, et al.,
I 994)
N-succinyl-Phe-p-NA
(Vafopoulou-
Mastrojiannaki, et al.,
r 994)

Enryme
Locafion

wc

CFE

CFE

WC

Organism

Lb. sakei
(continued)

Pd. acidilactici

Pd.
pentosaceus
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Table 1.1 (continued). Proteolytic and peptidolytic activities of lactic acid bacteria.

Activities are listed by their cellular location and the substrates used to detect and

quantifu their presence. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; GS, culture supernatant; ABZ,

aminobenzoyl; AMC, 7-amino-4-methyl coumarin;Arg, arginine; ArAm, arylamide; BZ,

benzyl; CBZ,benzyloxycarbonyl; FITC, fluorescein isothiocyanate; Gln, glutamine; Leu,

leucine; MeOsuc, methyoxysuccinyl; NAm, naphthylamide; p-NA, p-nitroanilide; Phe,

phenylalanine; Pro, proline; Tyr, tyrosine; X, amino acid (various). Data are limited to

that derived from species which can also be found in association with grape juice or

wine.



Prolinespecific
peptidase

X-Pro-p-NA
(Server-Busson,
etal.,1999)

TripeptidaseDipeptidyl
peptidase

P.NA
derivatives
(Perez, et al.,
2003)

Dipeptidase

dipeptides
(El-Shafei, et al.,
1990; Ezzat, et
al., 1993;
Herreros, et al.,
2003)

dipeptides
(Ezzat, elal.,
1 993)

Aminopeptidase

p-NA derivatives
(El-Shafei, et al.,
1990; Ezzal, e1 al.,
1993; Server-
Busson, et al., 1999;
Heneros, et al.,
2003; Perez, et al.,
2003)

NAm derivatives
(El-Shafei, et al.,
1990; Server-
Busson. et al.. 1999)
p-NA derivatives
(Ezzat, el al., 1 993)

ArAm derivative
(Heneros, et al.,
2003)

Garboxy-
peptidase

CBZ-Leu
(Herreros, et al.,
2003)

Other
Peptidase

Proteinase and
Endopeptidase

1aC-methylated casein
(El-Shafei, et al., 1990)

casein
(Herreros, et al., 2003)

'"C-methylated casein
(Ezal, et al., 1993)

casein
(Perez. el al., 2003)

milk protein
(Server-Busson, et al.,
1999; Heneros, et al.,
2003; Perez, et al.,
2003)

Enzyme
Location

CFE

CD

wc

Organism

Leuc.
mesenteroides
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ln the absence of extensive studies of wine LAB, the nature and frequency of proteolytic

and peptidolytic activities identified by dairy researchers strongly suggest that similar

activities also exist in wine LAB. What data have been reported for wine show promise. lt

is recognised that the levels of individual peptides and amino acids can increase or

decrease during LAB growth in wine, and the only general point of agreement is that

arginine concentration decreases while the ornithine concentration increases during MLF

(Wibowo, et al., 1985; Henick-Kling, et al., 1993). More detailed information comes from a

series of studies conducted by Manca de Nadra and coworkers. These workers described

two enzymes, protease I and ll, which are produced by several strains of O. oeniduring

the early and final stages of growth, respectively (Rollán, et al., 1993). Protease I

displayed optimal activity at pH 4.0 and 30'C, while the optima of Protease ll activity

occurred at pH 5.5 and 40"C (Rollán, et al., 1995). Both proteases were apparently

repressed by ammonium, tryptone and casein hydrolysate, were induced by nutrient

starvation, and were able to liberate detectable concentrations of amino acids from protein

and polypeptide extract from red and white wines (Farías, et al., 1996; Manca de Nadra,

et al., 1997; Rollán, et al., 1998; Manca de Nadra, et al., 1999). When applied to sterile

grape juice, a concentrated, purified exoprotease is thought to degrade proteins at a high

rate (Farías and Manca de Nadra, 2000). As encouraging as these findings are, there are

some questions that remain to be answered. For example, it is not known whether the

observed degradation of grape proteins releases peptides and amino acids in amounts

that provide a nutritional benefit to the yeast or bacteria involved in the winemaking

process and whether these activities are able to reduce the potential for haze formation in

wine in which protein is unstable.

1.4 Glycosidases

The sensory properties of wine are the result of a multitude of individual compounds. Four

groups of these compounds, the monoterpenes, C13-norisoprenoids, benzene derivates,

and aliphatic compounds, all can occur linked to sugars to form glycosides (Sefton, et al.,

1993; Winterhalter and Skouroumounis, 1997). Monoterpenes and some benzene

derivates and Crg-norisoprenoids play an important role in determining wine aroma,

particularly for varieties such as Muscat, Gewüztraminer, and Riesling. Aliphatic

compounds, which include the aliphatic alcohols, carboxylic acids, lactones and ethyl

esters, are more related to the flavour of a wine. The remaining benzene derivates include

the anthocyanins, which contribute to wine colour. lmportantly, the characteristics of the

glycosides differ from those of the corresponding aglycones. Generally, the glycosides are

water soluble and less reactive and volatile than the aglycones, possibly explaining why

plants store a great number of compounds in the glycosidic form (Hösel, 1981). ln wine,
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volatile, aromatic compounds that are othenruise detectable by human senses are non-

volatile and undetectable when in the glycosidic form. Accordingly, because as much as -
95% or more of such aromatic compounds is present in the glycosidic form, most of the

aromatic potential of these compounds is not realised (Günata, et al., 1988). Conversely,

monoglucoside anthocyanins represent the principle form in which the anthocyanins that

contribute to colour in red wines are found (Ribéreau-Gayon, 1974). When these colour

compounds are deglycosylated, the corresponding anthocyanidin is less stable and is

readily converted to a brown or colourless compound (Huang, 1955; Blom, 1984). While

this outcome may be undesirable in a red wine, these enzymes have been proposed as a

means to reduce the colour intensity in white or rose wines produced from red grapes

(Sanchez-Torres, et al., 1998).

The glycosidase enzymes that cleave the sugar moiety from glycosides can therefore

have a major impact on the sensory profile of a wine. The occurrence of many types of

such enzymes is a reflection of the complexity of their glycoside substrates, which can

contain either mono- or disaccharides. The terminal sugar can be either B-D-

glucopyranoside, q-L-rhamnopyranoside, q-L-arabinofuranoside, B-D-apiofuranoside and

B-D-xylopyranoside, and the additional central sugar in disaccharides is always B-D-

glucopyranoside (Winterhalter and Skouroumounis, 1997). Removal of these sugars

requires a glycosidase specific for the terminal sugar, followed by, in the case of a

disaccharide, a B-D-glucopyranosidase (Günata, et al., 1988). The latter enzyme is

essential for liberation of aglycones from all diglycosides and B-D-glucopyranosides;

hence, research efforts are concentrated on this enzyme to the almost complete exclusion

of other enzymes.

With the aim of increasing the aromaticity of wines, glycosidases have been widely

studied in several organisms, including both wine-related and non-wine-related

organisms. Grapevines produce glycosidases, although these have little activity against

wine glycosides (Aryan, et al., 1987). Given its importance in winemaking, much attention

has been paid to S. cerevisiae, but this yeast shows very limited production of

glycosidases, much of which is intracellular (Delcroix, et al., 1994; Mateo and di Stefano,

1997). Studies of other wine yeasts, including the apiculates and the spoilage yeasts,

have yielded wide-ranging levels of activities, primarily B-D-glucosidase (B-D-

glucopyranosidase) (Rosi, et al., 1994; Charoenchai, et al., 1997; Mansfield, eta|.,2002).

Sanchez-Torres and coworkers (1998) have also heterologously expressed a B-D-

glucosidase from Candida molischiana in a S. cerevisiae wine strain and have

demonstrated readily observable anthocyanase (decolourising) activity in microvinification
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experiments. Several grapevine fungal pathogens, such as Aspergillus and Botrytis,

produce large amounts of glycosidase activities that also have high specificity for purified

wine glycosides (Manzanares, et al., 2000). Accordingly, Aspergillus is a common source

of commercial enzyme preparations that have glycosidic activities; however, these

preparations are often impure, requiring resolution before characterisation in the

laboratory (Spagna, et al., 1998,2000a, 2002), and they have undesirable effects on the

wine (Abbott, et al., 1991; Günata, et al., 1993; Winterhalter and Skouroumounis, 1997).

More importantly, the enzymes of fungi are frequently ineffective in wine (Aryan, et al.,

1987; Cordonnier, et al., 1989; Günata, et al., 1990). The same is true for many of the

glycosidic activities from the various source organisms examined to date, which can be

limited by sensitivity to one or more of the following key wine parameters: low pH (pH 3.0

to 4.0), ethanol content (9 to 1 6% vlv) or residual sugar content (< 1 0 gi L) (reviewed in

Winterhalter and Skouroumounis, 1997). lnterestingly, the LAB, which can thrive under

these conditions, have received little attention as a potential source of glycosidic

enzymes.

While the glycosidases of some LAB have been studied, wine isolates have only recently

been included. Limited data have been reported for O. oeni, and no data are available for

wine Lacfo bacillus and Pediococcus spp. McMahon and coworkers (1999) observed no

enzymatic action by O. oeniagainst arbutin, an artificial glycosidic substrate. ln another

study (Boido, et al., 2002), changes in the glycoside content of Tannat wines during MLF

indirectly supported the existence of such activities in the commercial O. oenistrains

used. More specific data have come from examinations of commercial wine O. oeni

isolates (Grimaldi, et al., 2000; Mansfield, et al., 2002; Barbagallo, et al., 2004), which

were shown to have the potential for high glycosidase activity against nitrophenyl

glycosides. B-D-Glucosidase was the predominant activity, and some B-D-

xylopyranosidase and q-L-arabinopyranosidase activities were also detected (Grimaldi, et

al., 2000). Notably, these activities were only partially inhibited under wine-like conditions.

At pH 3.5 and in the presence of glucose (20 glL) and ethanol (12o/o v/v), one isolate

retained -50o/o of the activity seen under optimised conditions (Grimaldi, et al., 2000).

Mansfield and coworkers (2002) could not detect activity against glycosides extracted

from the Viognier variety; however, more recent work demonstrated that some O. oeni

strains are able to act on glycosides extracted from the highly aromatic Muscat variety

(Ugliano, et al., 2003) or the nonaromatic Chardonnay variety (D'lncecco, et al., 2004). ln

agreement with results obtained with synthetic substrates, the pattern of hydrolysis of

selected glycosides from Chardonnay showed that O. oeni EQ 54 had little activity other

than a B-D-glucosidase activity, and greater hydrolysis of the mixture occurred only after
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addition of commercial q-L-rhamnopyranosidase and q-L-arabinofuranosidase

preparations (D'lncecco, et al., 2004).

While the use of enzymes and/or selected cultures to liberate aroma compounds from

natural grape aroma glycosides is still in the early stages of development, the findings to

date for LAB and synthetic or natural glycosides are very encouraging and justify further

investigation. Lactic acid bacteria appear to possess the full array of glycosidases needed

to hydrolyse many of the glycosides found in grapes and wine, although some enzymes

have limited activity. Determining the precise sensory significance of glycosidic activities,

as well as the longevity of any sensory changes the enzymes bring about in wine, is an

important objective of future studies.

1.5 Polysaccharide-DegradingEnzymes

The polysaccharides of higher plant cell walls and middle lamellae that affect wine

production include cellulose (primarily B-glucans), hemicellulose (primarily xylans), and

pectic substances (Whitaker, 1990). Such compounds are present in grape juice as a

result of berry disruption or release through the action of degradative enzymes from the

grapes. ln grapes infected with the mould Botrytis cinerea, B-glucans are excreted by this

pathogen directly into the berry (Dubourdieu, et al., 1980; Canal-Llauberes, 1993), and

fungal enzymes release grape polysaccharides, particularly type ll arabinogalactan and

rhamnogalacturonan ll (Francioli, et al., 1999a). While fungal enzymes appeared not to

enhance the release of polysaccharides (mannoproteins)from yeast (Francioli, et al.,

1999a), these compounds can be released during yeast cell growth, through exposure to

shear (e.9. during pumping and centrifugation) (Seibert, et al., 1987; Lewis and

Poenruantaro, 1991), and particularly upon autolysis (Feuillat, et al., 1989; Doco, et al.,

1ee6).

Collectively, polysaccharides reduce juice extraction and are primarily responsible for

fouling of filters during clarification steps. Wine quality also can be affected through

changes in clarity (Dubourdieu, et al., 1981), while an effect on viscosity may influence

mouth feel (Sanchez, 1996) and the perception of tastes and aromas (Malkki, et al., 1993;

Langourieux and Crouzet, 1994; Harrison and Hills, 1997; Dufour and Bayonove, 1999;

Hansson, et al., 2001). Enzymes capable of degrading polysaccharides therefore have the

potentialto improve juice yields (Berg, 1959; Ough and Berg, 1974; Ough and Crowell,

1979; Haight and Gump, 1994) and wine processability through the removal of problem

colloids, to increase wine quality via breakdown of grape cell walls to yield better

extraction of colour and aroma precursors (Ganga, et al., 1997; Wightman, et al., 1997;

26



Bakker, et al., 1999; Pardo, et al., 1999; Revilla and González-San José, 2001), and to

alter the perception of wine components (Langourieux and Crouzet, 1994; Dufour and

Bayonove, 1999). These complex macromolecules are hydrolysed by a number of distinct

enzymes, including pectinases (protopectinase, pectin methylesterase,

polygalacturonase, and pectin and pectate lyase activities), cellulases (endoglucanase,

exoglucanase and cellobiase activities), and hemicellulases (B-D-galactanase, B-D-

mannase and B-D-xylanase activities) (reviewed by van Rensburg and Pretorius, 2000).

There have been few reports of attempts to specifically identify polysaccharide-degrading

enzymes in LAB, despite the importance of these enzymes to winemaking.

The pectinolytic activities of LAB have largely been addressed in studies of fermentation

processes other than winemaking, in which their significance remains unclear. For

example, early work on silage microflora suggested that cellulases and hemicellulases are

produced (Morrison, 1979), whereas more recent work indicated that combinations of

Lactobacillus plantarum and Pediococcus cerevisiae had negligible ability to degrade

plant cellwalls (Kung, et al., 1991). Pectin methylesterase and polygalacturonate lyase

activities have been detected in the spontaneous fermentation of cassava roots, but the

study neither confirmed nor discounted the involvement of the LAB present in the

fermentation (Brauman, et al., 1996). At the very least, Lb. plantarum is able to liberate

reducing sugars from polymeric carbohydrates during corn straw ensiling (Yang, et al.,

2001).

An extracellular B-(1-3) glucanase that is produced early in the stationary phase of cell

growth has been demonstrated in O. oeni(Guilloux-Benatier, et al., 2000). This enzyme

was shown to be capable of hydrolysing yeast cell wall macromolecules; thus, it was

proposed that the enzyme plays a role in yeast cell autolysis following alcoholic

fermentation. Further work is required to confirm the significance of this activity along with

its efficacy at temperatures below 10'C at which currently available glucanases are

insufficiently active (Villettaz, et al., 1984; Canal-Llauberes, 1993). Similarly, the absence

of additional polysaccharide-degrading enzymes cannot be assumed until a

comprehensive and specific search for such activities, such as the search conducted for

wine yeasts and fungi, has been completed for LAB.
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1.6 Esterases

Esters are a large group of volatile compounds that are usually present in wine at

concentrations above the sensory detection threshold. Most wine esters are produced by

yeast as secondary products of sugar metabolism during alcoholic fermentation (Younis

and Stewart, 1998; Lambrechts and Pretorius,2000). Esters can also be derived from the

grape (Rapp and Mandery, 1986) and from the chemical esterification of alcohols and

acids during wine aging (Etievant, 1991). The importance of esters in winemaking lies in

their prominent role in determining the aroma, and by extension, the quality of wine.

Esters are responsible for the desirable, fruity aroma of young wines (Margalit, 1997;

Lambrechts and Pretorius, 2000), although they can also have a detrimental effect on

wine aroma when they are present at excessive concentrations (Sponholz, et al., 1982).

Quantitatively, the most important wine esters are mainly yeast derived and include (i)

ethyl esters of organic acids, (ii) ethyl esters of fatty acids, and (iii) acetate esters

(Etievant, 1991). Ethyl acetate is usually the predominant ester in wine and with a low

sensory threshold, it is often an important contributor to wine aroma (Etievant, 1991). At

low concentrations, ethyl acetate aroma is desirable and described as fruity, but at higher

concentrations it imparts an undesirable nail polish remover character to wine (Bartowsky

and Henschke, 1995). Other important wine esters and their aromas include isoamyl

acetate (banana), ethyl hexanoate (fruity, violets), ethyl octanoate (pineapple, pear) and

ethyl decanoate (floral) (Margalit, 1997; Lambrechts and Pretorius, 2000). Esterolytic

activity during wine production could result in either an increase or decrease in wine

quality, depending on the ester involved (Davis, et al., 1988). ln addition, the compounds

liberated by the esterases (for example fatty acids and higher alcohols) could contribute to

wine aroma (Etievant, 1991; Lambrechts and Pretorius, 2000).

While the esterases of yeast have been extensively researched (for example, see

references Rosi, et al., 1989; Peddie, 1990; Mauricio, et al., 1993), there has been little

work focusing on the esterases of wine LAB. The current knowledge of LAB esterases is

based primarily on work carried out in the dairy industry, in which such enzymes

contribute to the characteristic flavours and defects of particular cheeses (Hosono, et al.,

1974). Most of this work has focussed on the metabolism of esters by LAB, and it is now

suspected that these enzymes have the ability to both synthesise and hydrolyse esters

(Liu, 2002). Thus, dairy LAB synthesise esters, including ethyl butanoate and ethyl

hexanoate, while ester hydrolysis is also supported by abundant experimental evidence

(Hosono and Elliott, 1974; Liu, et al., 1998; Fenster, et al., 2003c). A summary of the

literature describing hydrolytic esterases from dairy Lactobacillus and Pediococcus
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species is presented in Table 1.2. Similar results have been obtained for LAB genera not

endogenous to wine, including Streptococcus (Liu, et al., 2001), Leuconostoc

(Vafopoulou-Mastrojiannaki, et al., 1996; Katz, et al., 2002), Lactococcus (Collins, et al.,

2003b) and Enterococcus (Katz, et al., 2002). The appearance of esterase activity in

association with whole cells or in culture supernatants of some LAB shown in Table 1.2

implies that growth in grape juice or wine of these species may modify the ester profile of

the beverage. Where intracellular esterase activities are reported, cell disruption would

presumably be required in order for these activities to have an impact on wine.

ln a screening of the enzymatic activities of wine LAB, Davis et al. (1988) found 23 strains

that were able to hydrolyse an ester substrate, but no steps were taken to characterise the

enzymes further or to determine their ability to synthesise esters. ln some wine flavour

studies, workers have reported changes in the concentration of individual esters during

MLF. For example, increases in ethyl acetate (Maicas, et al., 1999; Delaquis, et al., 2000),

isoamyl acetate (Laurent, et al., 1994; Maicas, et al., 1999) and ethyl lactate (Delaquis, et

al., 2000; Gambaro, et a|.,2001) levels have been observed, while Zeeman et al. (1982)

reported a decrease in some esters following MLF. These results suggest that like the

esterases of dairy isolates, esterases of wine LAB are involved in both the synthesis and

hydrolysis of esters. No further investigation has been reported. Therefore, further

research into the esterase systems of wine LAB should help determine the precise nature

of these enzymes and their affect on the sensory properties of wine.
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Table 1.2. Esterases of lactic acid bacteria. Activities are listed according to their

cellular location, the ester substrate and, where appropriate, the form of the

chromogenic linker. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; q-N-, o-naphthyl; B-N-, B-naphthyl-; o-

NP-, o-nitrophenyl;p-NP-, p-nitrophenyl-; FAX, 2-O-[5-O-(trans-feruroyl)-P-L-

arabinofuranosyll D-xylopyranose. Data are limited to that derived from species which

can also be found in association with grape juice or wine.



Substrates Hydrolysed

Others

Lactobacillus species

triacetin
(Oterholm, et al.,
1 968)

triacætin
(Oterholm, et al
1968)

Palmitate

p{,¡P-
(Williams
and Banks,
r997)

Myristate

p-N-
(Gobbetti, et
al., 1996b)

P-NP-
(Williams and
Banks, 1997)

p-N-
(Gobbetti, et
al., 1996b;
Castillo, et al.
1999)

Laurate

Þ-N-
(Gobbetti, et
al., 1996b)

p-N-
(Gobbetti, et
al.,1996b;
Castillo, et al.,
1999)

Caprate

F-N-
(Gobbetti, et
al., 1996b;
Vafopoulou-
Mastrojiannakì
et al., 1996)

p-N-
(Vafopoulou-
Mastrojiannaki,
et al., 1996)

p+,¡P-
(Choi and Lee,
2OO1)

Caprylate

a-N-
(Vafopoulou-
Mastrojiannaki,
et al., 1996)

p-N-
(Gobbefi, et
al., 1996b)

p-lo-NP-
(El Soda, et
al., 1986 and
lsse)

p-l,l-
(Gobbetti, et
al., 1996b)

ø-N-
(Vafopoulou-
Mastrojiannaki,
et al., 1996)

p-N-
(Gobbetti, et
al., 1996b;
Castillo, et al.,
r 999)

Caproate

o-N-
(Vafopoulou-
Mastrojiannaki,
et al., 1996)

p-N-
(Gobbetti, et
al., 1996b;
Vafopoulou-
Mastrojiannaki
et al., 1996)

P.NP-
(El Soda, et
al.,1986c;
Williams and
Banks, 1997)

p-N-
(Gobbetti, et
al.,1996b)

cJp+l-
(Vafopoulou-
Mastrojiannaki,
etal.,1996)

P-NP-
(Williams and
Banks, 1997)

p-N-
(Gobbetti, et
al.,1996b;
Castillo, et al.,
1s99)

Valerate

cJp-N-
(El Soda, et
al., 1986c)

P-NP-
(El Soda, et
al., 1986c)

oJp-N-
(El Soda, et

al., 1986c)

Butyrate

a-N-
(El Soda, et
al., 1986c)

p-N-
(El Soda, et
al.,'1986c;
Gobbetti, et al.,
r 996b)

P-NP-
(El Soda, et
al., 1986c;
Williams and
Banks,1997)

o-NP-
(El Soda, et
al., 1986c)

p-N-
(Gobbetti, et
al., 1996b)

c-/p-N-
(Vafopoulou-
Mastrojiannaki,
et al., 1996)

P-NP-
(El Soda, et
al.,1986c;
Williams and
Banks,1997)

a-N-
(El Soda, et
al., 1986c;
KaÞ., etal.,
2002)

Propionoate

oJþ-N-
(El Soda, et al.,
1986c;
Vafopoulou-
Mastrojiannaki,
et al., '1996)

P-NP-
(El Soda, et al.,
1 986c)

crJp-N-
(Vafopoulou-
Mastrojiannaki,
et al., 1996)

a-N-
(El Soda, et al.,
1986c; Ka2, et
al.,2002)

Acetate

cr-N-
(El Soda, et al.,
1986c;
Vafopoulou-
Mastrojiannaki,
et al., 1996)

Þ-N-
(El Soda, et al.,
1986c)

o-NP-
(El Soda, et al.,
1986c)

ÊNP-
(El Soda, et al.,
1986c; Williams
and Banks,
r9e7)

c¿-N-
(Vafopoulou-
Mastrojiannaki,
et al., 1996)

P-NP-
(Williams and
Banks, 1997)

a-N-
(El Soda, et al.,
1986c; Ka2, et
a1.,20O2)

Enryme
Location

CFE

CD

CFE

CFE

Bacteria

Lb. brevis

Lb. buchneri

Lb. casei
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Table 1.2 (continued). Esterases of lactic acid bacteria. Activities are listed according to

their cellular location, the ester substrate and, where appropriate, the form of the

chromogenic linker. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; o-N-, o-naphthyl; P-N-, B-naphthyl-; o-

NP-, o-nitrophenyl;p-NP-, p-nitrophenyl-; FAX, 2-O-15-O-(trans-feruroyl)-B-L-

arabinofuranosyll D-xylopyranose. Data are limited to that derived from species which

can also be found in association with grape juice or wine.



Substrates Hydrolysed

Others

tributyrin
(Castillo, et al.,
1999)

Unspecified C4
&G8
(Park, et al.,
1 995)

PalmitateMyristate

rNP-
(Williams and
Banks, 1997)

p-N-
(Gobbetti, et
al., 1996b)

FNP-
(Williams and
Banks, 1997)

Laurate

p-N.
(Gobbetti, et
al., 1996b)

Caprate

p-N-
(Gobbetti, et
al., 1996b)

p-N-
(Gobbetti, et
al., 1996b)

Gaprylate

P-NP-
(El Soda, et
al., 1986c; Lee
and Lee, 1990;
El Soda, et al.,
1999; Choi
and Lee,2001)

o.NP-
(El Soda, et
al., 1986c and
1 999)

p-N-
(Gobbetti, et
al.,1996b)

p-N-
(Gobbetti, et
al., 1996b)

Caproate

P-NP-
(El Soda, et
al.,1986c; Lee
and Lee, 1990;
Williams and
Banks, 1997;
Casüllo, et al.,
1999; El Soda,
et al., 1999)

o-l,lP-
(El Soda, et
al.,1986cand
1e99)

p-N-
(Gobbetti, et
al., 1996b)

p-N-
(Gobbetti, et
al.,1996b)

p-l.lP-
(Williams and
Banks, 1997)

Valerate

P.NP-
(El Soda,
et al.,
I 986c)

Butyrate

Þ+¡-
(El Soda, et al.,
1986c; Gobbetti, et
al., 1996b; Castillo,
et al., 1999)

P-NP-
(El Soda, et al.,
1986c; Lee and
Lee, 1990; Williams
and Banks, 1997;
Castillo, et al., 1999;
El Soda, et al.,
1999; Choi and
Lee,2001)

o-NP-
(El Soda, et al.,
1986c; El Soda, et
al.,1999)

p-N-
(Gobbetti, et al.,
I 996b)

cr-N-
(Requena, et al.,
1991)

p+t-
(Gobbetti, et al.,
1996b)

P-NP-
(\iVìlliams and
Banks,1997)

Propionoate

p+ìl-
(EI Soda, et
al.,'t986c)

P-NP-
(El Soda, et
al., 1986c;
Choi and Lee,
2OO1)

Acetate

p-N-
(El Soda, et al.,
1986c;
Piatkiewicz,
1987; Ka2, et
a|.,2002)

o-NP-
(El Soda, et al.,
1986c)

rNP.
(El Soda, et al.,
1986c; Williams
and Banks,
1997; Choi and
Lee,2001)

p-N-
(Piatkiewicz,
1987)

a-N-
(Morichi, et al.,
1968)

FNP-
(Williams and
Banks, 1997)

Enryme
Location

CFE
(continued)

CD

wc

CFE

Bacteria

Lb. casei
(continued)

Lb. curuatus
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Table 1.2 (continued). Esterases of lactic acid bacteria. Activities are listed according to

their cellular location, the ester substrate and, where appropriate, the form of the

chromogenic linker. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; o-N-, o-naphthyl; B-N-, B-naphthyl-; o-

NP-, o-nitrophenyl;p-NP-, p-nitrophenyl-; FAX, 2-O-15-O-(trans-feruroyl)-P-L-

arabinofuranosyll D-xylopyranose. Data are limited to that derived from species which

can also be found in association with grape juice or wine.



Substrates Hydrolysed

Others

unspecified
G¿&Go
(Tamang, et al.,
2000)

FAX methyl
ferulate, methyl
coumarate
(Donaghy, et al.,
1998)

ethyUmethyl
ferulate
(Donaghy, et al.,
1 998)

unspecified Ca

&Ga
(Tamang, et al.,
2000; Olasupo,
et al., 2001)

PalmitateMyristate

p+,1-

(Gobbetti, et
al., 1996b)

P,NP-
(Williams and
Banks,1997)

Laurate

p-l.l-
(Gobbetti, et
al., 1996b)

pil-
(Gobbetti, et
al., 1996b and
1997b)

Caprate

p-N-
(Gobbetti, et
al.,1996b)

p-N-
(Gobbetti, et
al., 1996b and
1997b)

p+t-
(Vafopoulou-
Mastrojiannaki,
etal.,1996)

Caprylate

p-N-
(Gobbetti, et
al., 1996b)

plo-NP-
(El Soda, et
al., 1986c)

p-N-
(Gobbetti, et
al., 1996b and
r997b)

a-N-
(Vafopoulou-
Mastrojiannaki,
et al., 1996)

Gaproate

p-N-
(Gobbetti, et
al., 1996b)

P-NP-
(El Soda, et
al., 1986c;
Williams and
Banks,1997)

eNP-
(El Soda, et
al., 1986c)

p-N-
(Gobbetti, et
al., 1996b and
1997b)

a-N-
(Vafopoulou-
Mastrojiannaki,
et al., 1996)

Valerate

o-/Ptl-
(El Soda, et
al.,1986c)

rNP-
(El Soda, et
al.,1986c)

Butyrate

p-N-
(Papamanoli,
et al.,2003)

a-N-
(El Soda, et
al., 1986c)

p-N-
(El Soda, et
al.,1986c;
Gobbetti, et al.,
1s96b)

P-NP-
(El Soda, et
a|.,1986c;
Williams and
Banks, 1997)

o-NP-
(El Soda, et
al.,1986c)

p-N-
(Gobbetti, et
al., 1996b and
re97b)

Propionoate

c-lp-N-
(El Soda, et al.,
1986c)

P-NP-
(El Soda, et al.,
1986c)

c-l.l-
(Vafopoulou-
Mastrojiannaki,
et al., 1996)

Acetate

alp-N-
(El Soda, et al.,
1 986c)

P-NP-
(El Soda, et al.,
1986c; Williams
and Banks,
1 997)

o-NP-
(El Soda, et al.,
1986c)

p-N-
(Gobbetti, et al.,
1997b)

c¡-N-
(Morichi, et al.,
1968)

Enzyne
Location

wc

CFE

CD

wc

CFE

Bacteria

Lb. curvatus
(continued)

Lb.
fermentum

Lb. hilgardii
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Table 1.2 (continued). Esterases of lactic acid bacteria. Activities are listed according to

their cellular location, the ester substrate and, where appropriate, the form of the

chromogenic linker. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; q-N-, o-naphthyl; B-N-, B-naphthyl-; o-

NP-, o-nitrophenyl;p-NP-, p-nitrophenyl-; FAX, 2-O-15-O-(trans-feruroyl)-P-L-

arabinofuranosyll D-xylopyranose. Data are limited to that derived from species which

can also be found in association with grape juice or wine.



Substrates Hydrolysed

Others

unspecified G+

&Cs
(Tamang, et al.,
2000)

p-Netearate, p-
Noleate,milk
fat, fibutyrin,
tricaprylin,
t¡ilaurin
(Gobbetti, et al.,
1 997a)

triacetin
(Oterholm, et al.,
1 e68)

Palmitate

FNP-
(Williams
and Banks,
1997)

p-N-
(Gobbetti, et
al., 1997a)

P-NP-
(Williams
and Banks,
1997)

Myristate

rNP-
(Williams and
Banks,1997)

ÈNP-
(\Mlliams and
Banks,1997)

p-N-
(Gobbetti, et
a1.,1996b)

Laurate

Þ-l,l-
(Gobbetti, et
al., 1996b and
1 997a)

Caprate

cJp-N-
(Bintsis, et al.,
2003)

p+¡-
(Gobbetti, et
al., 1996b and
1997a)

Gaprylate

clþ-l,l-
(Bintsis, et al.,
2003)

p-N.
(Gobbetti, et
al., 1996b and
1997a)

oJPNP-
(Macedo, et
al.,2003)

p-N-
(Gobbetti, et
al., 1996b)

Gaproate

alp-N-
(Bintsis, et al.
2003)

P-NP-
(\Mlliams and
Banks,1997)

n-N-
(KaV.,et al.,
2002)

p{,¡-
(Gobbetti, et
al., 1996b and
1997a)

ÈNP-
(Williams and
Banks,1997)

p-N-
(Gobbetti, et
al., 1996b)

Valerate

aJp-N-
(El Soda, et
al., 1986c)

o'NP-(El
Soda, et al.,
1986c)

Butyrate

aJp-N-
(Bintsis,
2003)

et al

PNP-
(Williams and
Banks, 1997)

a-ltl-
(El Soda, et
al.,'t986c;
Kaz,etal.,
2OO2)

p.N-
(El Soda, et
al., 1986c;
Gobbetti, et al.,
1996b and
1997a:KaE,et
al.,2O02)

P-NP-
(El Soda, et
al., 198ôc;
Ztaliou, et al.,
1996; Williams
and Banks,
1997)

o-NP-
(El Soda, et
a1.,1986c)

p-N-
(Gobbetti, et
a1.,1996b)

Propionoate

aJp{,l-
(Bintsis, et al.,
2003)

cJp-l.l-
(El Soda, et al.,
1986c; Katz, et
al.,2002)

p-l'¡P-
(El Soda, et al.,
1986c)

Acetate

c-/p-N-
(Bintsis, et al.,
2003)

PNP-
(Williams and
Banks, 1997)

a-N-
(El Soda, et al.,
1986c; Ka2, et
a1.,2002)

p-N-
(El Soda, et al.,
1986c; Gobbetti,
et al., 1997a;
Ka2,e|al.,
2oo2)

P-NP-
(El Soda, et al.,
1986c; Ztaliou,
et al., 1996;
Williams and
Banks, 1997)

o-NP-
(El Soda, et al.,
1986c)

Enzyme
Location

CFE

wc

CFE

CD

Bacteria

Lb.
paracasei

Lb.
plantarum
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Table 1.2 (continued). Esterases of lactic acid bacteria. Activities are listed according to

their cellular location, the ester substrate and, where appropriate, the form of the

chromogenic linker. Abbreviations: CFE, cell-free extract of disrupted cells; CD, cell

debris; WC, whole cells in liquid or solid culture; q-N-, o-naphthyl; B-N-, ß-naphthyl-; o-

NP-, o-nitrophenyl;p-NP-, p-nitrophenyl-; FAX, 2-O-15-O-(trans-feruroyl)-B-L-

arabinofuranosyll D-xylopyranose. Data are limited to that derived from species which

can also be found in association with grape juice or wine.



unspecified Ca &
Ce

(Iamang, et al.,
2000)

(Oterholm, et al.,
1e68)

tiacetin

tributyrin,
oleuropein
(Lavermicocca, et
al., 1998)

Others

al.,1

tributyrin,
oleuropein
(Lavermicocca, et

PalmitateMyristateLaurateCaprate

et al.,

p-N-
(Papamanoli,

a-l,l-
(Vafopoulou-
Mastrojiannakì
et al., 1996)

CaprylateCaproate

a-N-
(Vafopoulou-
Mastrojiannaki,
eta1.,1996)

Valerate

et al.,

p-N-
(Papamanoli

p-N-
(Bhowmik and
Marth, 1989)

P-NP-
(Vafopoulou-
Mastrojiannaki
, et al., 1994)

c¿-N-
(Vafopoulou-
Mastrojiannaki

, et al., 1996)

p-N-
(Vafopoulou-
Mastrojiannaki
, et al., 1996;
KaZ, et al.,

Butyrate

oJp-N-
(Bhowmik and
Marth, 1989)

(Vafopoulou-
Mastrojiannaki,
et al., 1996;
Ka2, et al.,
2002)

cr-N-

Propionoate

ctJP-l.l-
(Bhowmik and
Marth, 1989)

Substrates Hydrolysed

Acetate

aJPl,l-
(Vafopoulou-
Mastrojiannaki
, eta1.,1996;
KaZ, et al.,
2OO2)

wc

CFE

CFE

Enzyme
Location

WC

wc

Bacteria

Lb. plantarum
(continued)

Lb. sakei

Pediococcus species

Pd. pentasaceus

Leuconostoc species

Leuc.
meseneteroides
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1.7 Ureases

Ethyl carbamate is a known carcinogen and is formed in wine via the spontaneous acid

ethanolysis of certain carbamyl precursors, including urea and citrulline (Ough, et al.,

1988; Monteiro, etal., 1989; Ough, 1991;Stevensand Ough, 1993; Kodama, etal.,

1994). Due to the health risks associated with elevated levels of ethyl carbamate in wine,

the sources of the precursor compounds have been studied extensively. The pathways by

which LAB can contribute to the ethyl carbamate precursor pool in wine have also been

investigated (Liu and Pilone, 1998).

Ureases produced by microorganisms are substrate-specific enzymes that catalyse the

hydrolysis of urea (Schlegel and Kaltwasser, 1985). Urea-degrading enzymes are a

potential tool for reducing the concentration of urea in wine in order to avoid ethyl

carbamate concentrations that are dangerous or exceed permissible limits. Most

commercial urease products are derived from non-wine sources (e.9. beans) and are

unsuitable for use in wine, which has a pH that typically is well below the neutral pH

optima of these enzymes (Kodama, et al., 1991). Ureases derived from LAB have been

investigated as alternate enzymes for the removal of excess urea in wine. The acid

ureases produced by Lb. fermentum (Ough and Trioli, 1988; Trioli and Ough, 1989;

Kodama, et al., 1991) and Lactobacillus reuteri(Kakimoto, et al., 1989) were very effective

over the pH range of 2.0 to 4.0, which included typical wine pH values. Wine components,

such as phenolic compounds (e.9. grape seed tannins), sulphur dioxide, ethanol, and

organic acids (e.9. malic acid, lactic acid, and pyruvic acid), did, however, inhibit the

activity of the urease from Lb. fermentum (Trioli and Ough, 1989; Famuyiwa and Ough,

1991). Whether such inhibition limits the usefulness of ureases, at least in wine of a

certain type or composition, remains to be determined through further study.

1.8 Phenoloxidases

Laccases (p-benzendiol:oxygen oxidoreductase) and tyrosinases (monophenol

monooxygenase) are two groups of phenoloxidases that are widely distributed in nature.

These enzymes have been found in bacteria (Claus, 2003), filamentous fungi (Mayer and

Staples, 2002; Mougin, et al., 2003), insects (Sidjanski, et al., 1997;Asano and Ashida,

2001), and higher plants (Gonzàlez, et al., 1999; Mayer and Staples, 2002). Both groups

of enzymes catalyse the transformation of a large number of (poly)phenolic and

nonphenolic aromatic compounds and thus have potential uses in bioremediation

processes in the paper and pulp, tanning (Duràn, et al., 2002; Mougin, et al., 2003), and

food industries (olive-mill and brewery waste water) (Minussi, et al.,2002). One of the
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main applications of laccases in the food industry is product stabilisation in fruit juice, beer

and wine processing (Minussi, et al., 2002).

A myriad of phenolic compounds are found in musts and wine; these compounds range

from simple hydroxybenzoic acid and cinnamic acid derivatives to more complex

molecules, such as catechins, anthocyanins, flavonols, flavanones and tannins (Margalit,

1997). Such compounds are responsible for the desirable attributes of colour, astringency,

flavour, and aroma of wine, as well as unwanted attributes, including browning, flavour

and aroma alterations, and some forms of haze, which are a consequence of enzymatic

and chemical oxidoreduction in white musts and wines. ln vinification two main

approaches have been taken to combat oxidative decolourisation and flavour alteration.

One of these approaches is inhibition of enzymes in the must using sulphur dioxide as a

reductant and inhibitor; alternatively, the polyphenol substrate content of white wine is

reduced by limiting maceration of the must (Singleton and Trousdale, 1983). Where

introduction has not been avoided or reduced, polyphenols are removed from the must or

wine with fining agents, such as polyvinylpolypyrrolidone, gelatine, casein and egg

albumin, in addition to bentonite (Minussi, et al., 2002). More recently, chitosan, a

polymeric adjuvant, was used as a fining agent and was found to be comparable to

potassium caseinate in terms of wine stabilisation (Spagna, et al., 2000b).

Treatment of the must with enzymes such as laccases, tyrosinases, tannases and

peroxidases has been considered an alternative to treatment with physical-chemical

adsorbents (Zoecklein, et al., 1995). Laccases are seen to be the most promising

enzymes, because they have broader specificity for phenolic compounds, are more stable

at the pH of must and wine, and are less affected by sulphur dioxide (Canal-Llauberes,

1993). With these enzymes, wine stabilisation is achieved through pre-fermentative

treatment to bring about oxidation of polyphenol substrates normally involved in the

madeirisation process. The oxidised products polymerise and precipitate, and are

subsequently removed by conventional clarifiers and filtration. To date, laccases from

lignin-degrading fungi, such as Trametes versicolor, Coriolus versicolor, and Agaricus

bisporus, and tyrosinases from mushrooms have been used in wine processing with

promising results (Canal-Llauberes, 1993). When the enzymes were applied either

singularly or in combination and immobilised on supports ranging from metal chelate

affinity matrices to molecular sieves, good results were observed in terms of polyphenol

removal, retention of enzyme activity and reuse of the carrier support (see reviews Duràn,

et al., 2002; Minussi, et al., 2002).
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The occurrence of (poly)phenoloxidases in LAB, particularly those commonly associated

with winemaking, is also of interest. The work of Benz and coworkers (1998) and Lamia

and Moktar (2003) suggests that these enzymes are present in fermentative LAB.

Specifically , Lc. lactis is able to reduce humic acids (Benz, et al., 1998), a constituent of

soil humus containing substituted phenols and polyphenols (Jenkinson, 1988), which

implies that a polyphenoloxidase is involved. Lamia and Moktar (2003) demonstrated that

Lb. plantarurn grown on diluted olive mill wastewater induced the depolymerization of

polyphenols (presumably by the action of tannases) and inhibited the polymerization of

simple phenolic compounds which occurs at lower postfermentation pH values.

Studies of wine LAB, particularly O. oeni, have revealed that the growth and rate of MLF

of these organisms are influenced by phenolic compounds. Gallic acid and anthocyanins,

metabolised by growing cells, have a positive effect on growth and malolactic activity,

whereas tannins are inhibitory (Vivas, et al., 1997). Other workers have observed that

growth of O. oeniis inhibited by phenolic acids, including p-coumaric, caffeic, ferulic, p-

hydroxybenzoic, protocatechuic, gallic, vanillic and syringic acids, while growth of

Lactobacillus hilgardiiwas stimulated (Campos, et al., 2003). These findings are indicative

of the evolution of polyphenoloxidases (and possibly tannases) from some of these

organisms. lf such activities do exist, their contribution to browning or decolourisation is

yet to be determined, but might be expected to be most relevant to species that grow in

grape juice early in fermentation. This could include LAB that are inoculated early, such as

lactobacilli, or contaminating LAB. Spectrophotometric assays analogous to those

described for plant polyphenoloxidases, in which substrates such as catechol, catechin,

and p-courmaric acid are used (Gonzàlez, et al., 1999), should facilitate extended surveys

of wine LAB for such activities.

1.9 Lipases

Wine lipids can be derived from the grape berry (Gallander and Peng, 1980; Miele, et al.,

1993) or can be released from yeast during autolysis (Pueyo, et al., 2000). Grape lipids

can originate from a number of sources within the berry, including the skin, seeds and

berry pulp. The lipid profiles of each of these sources have been shown to be different,

due to variation in both the concentration and fatty acid composition of neutral lipids,

glycolipids and phospholipids (Miele, et al., 1993). The grape lipid profile will also vary

with grape maturation (Bauman, et al., 1977), climate (lzzo and Muratore, 1993) and

variety; red varieties tend to have greater total lipid concentrations than white varieties

(Gallander and Peng, 1980). Yeast autolysis following fermentation releases many

different types of lipids, including tri-, di- and monoacylglycerols and sterols, in amounts
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and proportions which vary with yeast strain (Pueyo, et al., 2000). Such lipids are known

to influence not only the sensory profile of sparkling wine, but also foam characteristics

(Pueyo, et al., 2000).

The action of lipases on wine lipids could yield a range of volatile compounds, including

fatty acids. The low aroma thresholds of fatty acids allows them to contribute to wine

aroma, but since some of their odours are described as vinegar, cheesy, and sweaty, their

impact might not be desirable (Etievant, 1991 ). A more positive contribution to the aroma

profile of wine can develop when volatile compounds such as esters, ketones, and

aldehydes are derived from these fatty acids (Charpentier and Feuillat, 1993).

The lipolytic activity of wine LAB has not been thoroughly investigated, but preliminary

work with non-wine substrates suggests some LAB may produce lipases. ln a study of

LAB isolated from wines, Davis et al. (1988) observed lipase activity in several strains of

Leuc. oenos (O. oeni) and one species of Lactobacillus. By contrast, a more recent study

failed to find lipolytic activity amongst wine isolates comprising 32 Lactobacillus strains,

tv,to Leuconosfoc strains, and three Lactococcus strains (Herrero, et al., 1996). The

lipolytic activity of LAB has been more extensively researched in other areas of food

production. ln dairy foods, lipases can contribute to flavour and processability (Urbach,

1995). On the basis of this work, LAB are now generally acknowledged to be weakly

lipolytic (Khalid and Marth, 1990; Freitas, et al., 1999), and their lipases display substrate

specificity which is both strain and species dependent (Katz, et al., 2002). By utilising

numerous substrates and various degrees of cell fractionation, several such studies have

provided information about activities in genera that are of interest in winemaking, namely

Lactobacillus and Pediococcus (Table 1.3). A broader review of the lipolytic activity of all

dairy LAB was produced by Collins et al. (2003a).

Being associated with the whole cells or located extracellularly, LAB lipases have the

potential to affect the sensory profile of wine by degrading lipids and liberating a range of

volatile compounds. lf this process results in a desirable change to the sensory profile of

wine, lipases could have applications in commercialwinemaking for improving wine

quality. However, the ability of LAB lipases to attack membranes of yeast and grape cells

to influence wine aroma remains to be determined.
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Table 1.3. Lipase activities of species of lactic acid bacteria that can be found in

association with grape juice or wine. Abbreviations: CFE, cell-free extract of disrupted

cells; CD, cell debris; WC, whole cells in liquid or solid culture; CS, culture supernatant;

GMB, glyceromonobutyrate; B-N-, B-naphthyl; q-N, o-naphthyl.



Substrates Hydrolysed

OÉher

Lactobacillus species

GMB
(El Soda, et al.,
1 986d)

tripropionin
(Chander, et al.,
1 973)

composite
butter
(Umemoto, et al.,
I 968)

GMB
(El Soda, et al.,
I 986d)

B-N-laurate
(Piatkiewicz,
1987)
Tween 80
(Lee and Lee,
1 990t
p-N-laurate
(Piatkiewicz,
1 987)
a-N-caprylate
(Requena, et al.,
1991)

Fats

milk
(El Soda, et al.,
1986d; Gobbetti,
et al., 1996a)

butter
(Peterson and
Johnson,1949;
Umemoto, et al.,
1968; Livera
and Ando,
1991 b)
milk
(Gobbetti, et al.,
1 996a)

butter
(Umemoto, et
al., 1968)
milk
(Broome, et al.
1 990)

Oils

butter
(Chander, et al.,
1 s73)

coconut
(Chander, et al.,
I 973)
olive
(Umemoto, et
al., 1968; Livera
and Ando,
I 991 a)

butter
(Meyers, et al.,
1 996)
olive
(Umemoto, et
al.. 1968)

Tripalmitin

(El Soda, et al.,
r 986d)

(Gobbetti, et al.
1 996a)

Triolein

(Chander, et al.,
1973; Gobbetti,
etal.,1996a)

(Gobbetti, et al.
1 996a)

(Oterholm, et
al., 1968)

Trilaurin

(El Soda, et al.,
1986d; Gobbetti,
et al., 1996a)

(Gobbetti, et al.
1 996a)

Tricaprylin

(Chander, et al.,
1973; El Soda,
et al., 1986d;
Gobbetti, et al.,
1 996a)

(El Soda, et al.,
1986d; Gobbetti,
et al., 1996a)

Tricaproin

(Chander, et al.,
r 973)

(Oterholm, et
a|.,1968)

(Oterholm, et
a|.,1968)

Tributyrin

(Oterholm, et
al., 1968;
Chander, et al.,
1973; El Soda,
etal.,1986d;
Gobbetti, et al.,
1 996a)

(Oterholm, et
al.,1968)

(Oterholm, et
al., 1968;
Umemoto, et al.,
1968; Singh, et
al., 1973; El
Soda, et al.,
1986d; Lee and
Lee,1990;
Livera and
Ando,1991a;
Gobbetti, et al.,
1 996a)

(Oterholm, et
al.,1968)

Enzyme
Location

CFE

wc

CFE

CD

WG

Bacteria

Lb. brevis

I-ö. casei
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Table 1.3 (continued). Lipase activities of species of lactic acid bacteria that can be

found in association with grape juice or wine. Abbreviations: CFE, cell-free extract of

disrupted cells; CD, cell debris; WC, whole cells in liquid or solid culture; CS, culture

supernatant; GMB, glyceromonobutyrate; B-N-, B-naphthyl; q-N, o-naphthyl.



Substrates Hydrolysed

Other

tricaprin
(Papon and
Talon,1988)

GMB
(El Soda, et al.,
1 986d)

composite
butter
(Umemoto, et al.,
r 968)

GMB
(El Soda, et al.,
1 986d)
lard
(Andersen, et al.,
I 995)

Fats

milk
(Gobbetti, et al.,
1 996b)

milk
(El Soda, et al.,
1986d; Gobbetti,
et al., 1996b)

milk
(El Soda, et al.,
1986d; Gobbetti
et al., 1996a
and 1996b;
Katz, et al.,
2002\
butter
(Umemoto, et
al.,1968)

milk
(Broome, et al.,
1 990)
milk
(Katz, et al.,
2002\

Oils

olive
(Umemoto, et
al.,1968)

olive
(Umemoto, et
al.. 1968)
olive
(Lopes, et al.,
1999 and 20021

Tripalmitin

(Papon and
Talon, 1988)

(El Soda, et al.,
1986d; Gobbetti,
et al., 1996b)

(Singh, et al.,
1973; El Soda,
et al., 1986d;
Gobbetti, et al.,
1 996a and
1 es6b)

Triolein

(Papon and
Talon,1988)

(Gobbetti, et al.,
1 996b)

(Singh, et al.,
1973; Gobbetti,
etal.,1996b)

Trilaurin

(Papon and
Talon, 1988;
Gobbetti, et al.,
r 996b)

(El Soda, et al.,
1986d; Gobbetti,
etal.,1996b)

(El Soda, et al.,
1986d; Gobbetti,
et al., 1996a
and 1996b)

Tricaprylin

(Papon and
Talon, 1988;
Gobbetti, et al.
I 996b)

(El Soda, et al.,
1986d; Gobbetti,
et al., 1996b)

(El Soda, et al.,
1986d; Gobbetti,
etal.,1996b
and 1997b)

Tricaproin

(Oterholm, et
a|.,1968)

(Oterholm, et
al., 1968)

Tributyrin

(Papon and
Talon,1988;
Gobbetti, et al.,
1 996b)
(Papon and
Talon, 1988)

(Papamanoli, et
al., 2003)

(El Soda, et al.,
1 986d;
Gobbetti, et al.,
1 996b)
(Freitas, et al.,
r 9e9)

(Oterholm, et
al., 1968;
Umemoto, et al.,
1968; Singh, et
al., 1973; El
Soda, et al.,
1 986d;
Andersen, et al.,
1995; Gobbetti,
et al., 1996a
and 1996b;
Katz, et al.,
2002)
(Oterholm, et
al., 1968)

(KaÞ, et al.
2002)

(Papon and
Talon, 1988)

(Papamanoli, et
al., 2003)

Enzyme
Location

CFE

wc

not
specified

CFE

wc

CFE

WC

cs

wc

not
specified

Bacteria

Lb. curvatus

Lb. fermentum

Lb. paracasei

Lb. plantarum

Lb. sakei
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Table 1.3 (continued). Lipase activities of species of lactic acid bacteria that can be

found in association with grape juice or wine. Abbreviations: CFE, cell-free extract of

disrupted cells; CD, cell debris; WC, whole cells in liquid or solid culture; CS, culture

supernatant; GMB, glyceromonobutyrate; B-N-, B-naphthyl; o-N, o-naphthyl.



Other

2001

unspecified C14

substrate
(Olasupo, et al.,

Fats

milk
(Katz, et al.,

OilsTripalmitinTrioleinTrilaurinTricaprylin

(Østdal, et al.,
1 996)

Tricaproin

(Oterholm, et
a|.,1968)

Substrates Hydrolysed

Tributyrin

al., 1968)
et

(Østdal, et al.,
I ee6)

et al.,
2002)

(Katz, et al.,
2002)

CFE

wc

c

CS

Enzyme
LocationBacteria

Pediococcus species

penfosaceus

Leuconostoc species

Leuc.
mesenteroides
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1.10 Conclusion

A considerable amount of research has been conducted on the enzymatic properties of

LAB specifically isolated from wine or, more commonly, the enzymatic properties of

analogous species isolated from other foods or beverages. From this work it is clear that

these organisms possess an extensive collection of enzymatic activities, many of which

have the potential to influence wine composition and therefore the processing,

organoleptic properties, and quality of wine. ln many cases the precise nature and extent

of this influence has yet to be delineated for the LAB that are associated with winemaking

and grow under the conditions encountered during grape juice fermentation and wine

maturation. ldeally, the potential for these organisms that has been highlighted in this

review will stimulate fuller characterisation of wine LAB so that at the very least these

strains will be able to be applied by the winemaker in a more informed manner. ln other

cases, these organisms may serve as a source for the preparation of enzyme extracts that

are better able to function under the harsh and changing environmental conditions of the

wine fermentation.
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CHAPTER 2

A SURVEY OF LACTIC ACID BACTERIA FOR ENZYMES OF INTEREST
TO OENOLOGY

2.1 lntroduction

Wine is produced from grape juice largely through an array of microbial and non-microbial

enzyme-driven reactions. Traditionally, the sources of such enzymes included grape berry

tissues, external (surface) microorganisms associated with the fruit (in particular, Botrytis

cinerea), yeasts mediating the primary fermentation, lactic acid bacteria (LAB) during the

malolactic fermentation (MLF) and spoilage organisms.

The primary role of LAB in wine production is to perform the secondary or malolactic

fermentation. Malolactic fermentation involves the decarboxylation of malic acid to

produce lactic acid and carbon dioxide by the malolactic enzyme, and is commonly

conducted in wine after the yeast have completed the alcoholic fermentation (Liu, 2002).

Oenococcus oenihas become the preferred LAB species for conducting MLF, owing to its

ability to tolerate the harsh conditions posed by wine (Liu, 2002). The malolactic enzymes

aside, the current understanding of the enzymes produced by LAB in wine remains

limited.

A review of relevant literature (Matthews, et al., 2004), including publications from the

dairy industry, makes it clear there exists great potential for the identification and

exploitation of enzymes from wine related LAB in the winemaking process. For example,

proteolytic enzymes have been reported in wine Lactobacillus strains (Dicks and Van

Vuuren, f 988) and more recently, characterised in O. oeni (Manca de Nadra, et al., 1999;

Farías and Manca de Nadra, 2000; Manca de Nadra, et al., 2005). Davis and coworkers

(1988) conducted a brief study and found some wine LAB produced lipase and esterase

enzymes. Tannases were also recently observed in a number of wine Lactobacillus

plantarum strains (Vaquero, et al., 2004). A final group of enzymes, the glycosidases,

would be highly valuable in liberating desirable aroma compounds from their non-volatile

glycosidic forms in wine and have been reported in all three wine LAB genera and

particularly O. oeni(Grimaldi, et al., 2000; Boido, et al., 2OO2; Ugliano, et al., 2003;

Barbagallo, et al., 2004; D'lncecco, et al., 2004; Grimaldi, et al., 2005a and 2005b).

Against that background, a clearer definition of enzymatic capabilities in LAB was sought,

with special emphasis on enzymes that could be of value in winemaking. lt is important to
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note that although proteolytic enzymes would have valuable practical applications in the

wine industry, they have not be included in this study, because they have been examined

previously. Accordingly, a collection of 50 LAB isolates was screened for the production of

esterases, lipases, polysaccharide-hydrolysing enzymes and tannases.
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2.2 Materials and Methods

2.2.1 LAB strains

The LAB strains used in this study originated from a number of sources (details in Table

2.1). The collection consisted of 11 pediococci, 16 lactobacilli and 23 O. oeni. Most of the

bacteria were isolated from freeze-dried LAB starter cultures for use in commercial

winemaking. Lactobacl/us strains 31 to 40 inclusive and Pediococcus strains 41 and 42

were purchased from the Australian Starter Culture Research Centre (Werribee, Victoria),

while Pediococcus strainlS and Lactobacillus strainl9 were isolated from a commercial

olive product. Strains that were not sourced from the starter-culture collection have not

been identified to the strain level. As a result, any strain-specific inferences made in the

thesis are tentative.

2.2.2 Preculturingconditions

All bacteria were stored in cryopreservative-treated beads (Protect@, Technical Service

Consultants Ltd.) at -80"C until required. ln preparation for experiments, bacteria were

cultured from the stock beads in de Mann Rogosa Sharp medium (MRS) (Amyl Media)

which was supplemented with 20% (v/v) preservative-free apple juice and adjusted to pH

5.0 prior to autoclaving (MRS+AJ). When required for screening, these cultures were used

to inoculate 5 mL volumes of fresh MRS+AJ to yield an optical density at 600 nm (OD6se)

of approximately 1.0 for Oenococcus strains and 0.3 for both Lactobacillus and

Pediococcus strains. All bacteria were then incubated al25"C for 24 hours, except O.

oeni, which was incubated for 40 hours (O.oeni3 and O.oeni5 were incubated for 64

hours).

2.2.3 Biomass preparation

Several of the enzyme assays were conducted using liquid suspensions of bacteria rather

than on solid media. ln such cases, the concentration of bacterial cells required to

produce an optical density at 600nm (ODooo) of 0.5 in the final assay was determined

spectrophotometrically. The cells were harvested and washed once in 0.85% (w/v) NaCl

solution by centrifugation (5,000 x g, 5 minutes). Cells were then resuspended in the

appropriate reaction mixtures as described below. Dry weights were determined using 10

mL culture samples adjusted to an ODooo of 0.5.

2.2.4 Replication

All assays were, as a minimum, performed in duplicate and assays for which replicates

disagreed by more than 5% were repeated.
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Table 2.1. Details of the lactic acid bacteria strains used in this study. " Species listed

where it is known. The provenance and identification of strains from sources other than

designated culture collections is described in earlier reports (Grimaldi, et al., 2000,

2005a and 2005b). SCRC, strains were purchased from the Australian Starter Culture

Research Centre.



Strain Genus/species" Origin

Lactobacillus species
Lac6 Lactobacillus sp Lalvin MTO1 Standard
Lac12 Lactobacillus sp Lalvin 3X Step 1

Lacl 3 Lactobacillus sp Lalvin 1B Standard
Lacl 5 Lactobacillus sp Lalvin 31 MBR
Lacl 6 Lactobacillus sp Lalvin 3X Standard
Lacl 9 Lactobacillus sp Olives
Lac24 Lactobacillus sp Lallemand nuovi Ceooi Oo7
Lac25 Lactobacil lu s plantaru m Lallemand nuovi Ceppi Lp1

Lac26 Lactobacillus sp Lallemand nuovi Ceppi Oo1

Lac31 Lactobacill u s fermentum CSCC-52 1 7 SCRC
Lac32 Lactobacill u s pl antaru m CSCC-5275 SCRC
Lac33 La ctob aci I I us casei CSCC-2600 SCRC
Lac34 Lactob acil I u s h i lq a rd i i CSCC-5489 SCRC
Lac35 Lactob acil lus buch neri CSCC-5400 SCRC
Lac39 Lactob acil I us bre vrs ASCC- 1 300 SCRC
Lac40 Lactob acil I u s he lveti cu s ASCC-905 SCRC

Pediococcus species
Ped3 Pediococcus so lnobacter
Pedl0 Pedlococcus sp Lalvin EQ54 MBR
Pedl 1 Pediococcus sp Lalvin MCW
Ped15 Pediococcus sp. Lalvin 31 MBR
Ped16 Pediococcus sp Lalvin 3X Standard
Ped17 Pediococcus sp. Lalvin OSU MBR
PedlB Pediococcus sp. Olives
Ped24 Pediococcus sp Lallemand nuovi Ceppi Oo7
Ped27 Pedlococcus sp Lallemand nuovi Ceppi Oo9
Ped41 Pediococcus acid il acti CSCC-2302 SCRC
Ped42 Ped io coccus penfosaceus CSCC-2304 SCRC

Oenooccus oeni
O.oenil Oenococcus oeni Lallemand OSU ru177)
O.oeni2 Oenococcus oeni Lalvin 4X (V192)

O.oeni3 Oenococcus oeni lnobacter
O.oeni4 Oenococcus oeni Bitec Vito
O.oeni5 Oenococcus oeni Lalvin-lnobacter
O.oeni6 Oenococcus oeni Lalvin MTOl Standard
O.oeniT Oenococcus oeni Lallemand 3X (E218)

O.oeniB Oenococcus oeni CHR Hansen Viniflora
O.oeni9 Oenococcus oeni CHR Hansen Viniflora
O.oeni10 Oenococcus oeni Lalvin EQ54 MBR
O.oeni11 Oenococcus oeni Lalvin MCW
O.oeni12 Oenococcus oeni Lalvin 3X l Step
O.oeni13 Oenococcus oeni Lalvin 1B Standard
O.oeni14 Oenococcus oeni Enoferm Alpha
O.oeni16 Oenococcus oeni Lalvin 3X Standard
O.oenil7 Oenococcus oeni Lalvin OSU MBR
O.oeni20 Oenococcus oeni Lallemand nuovi Ceppi Oo3
O.oeni21 Oenococcus oeni Lallemand nuovi Ceppi Oo4
O.oeni22 Oenococcus oeni Lallemand nuovi Ceppi Oo5
O.oeni23 Oenococcus oeni Lallemand nuovi Ceppi OoB

O.oeni28 Oenococcus oeni Lallemand nuovi Ceppi Oo2
O.oeni29 Oenococcus oeni Lallemand nuovi Ceppi Oo9
O.oeni30 Oenococcus oeni BioStart oenos SK1
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2.2.5 Esferase activity

Esterase activity was assessed using three p-nitrophenyl þNP)-linked ester substrates

(Sigma), namely pNP-acetate, pNP-butyrate and pNP-octanoate. Briefly, a 25 mM stock

substrate solution was prepared in dimethyl sulphoxide or propan-2-ol and stored at -20"C

until required. The final 1 mL reaction mixture contained Mcllvaine buffer (pH 5.0)

(Dawson, et al., 1986) and washed cells to give a final ODooo of 0.5 and 40 pL stock

substrate solution to yield a final substrate concentration of 1 mM. Control assays

consisted of the same reaction mixture to which no cells were added. The samples and

controls (performed in duplicate) were incubated for 2 hours at 37"C. Following

incubation, cells were pelleted by centrifugation (13,000 x 9,7 minutes), 900 pL of the

supernatant was then transferred to a 1 .5 mL disposable cuvette and 100 pL of 0.5 M

sodium hydroxide was added for alkalinisation. The absorbance at 410 nm was

immediately determined spectrophotometrically and the activity was quantified by

comparing with p-nitrophenol standards.

2.2.6 Lipase activity

Lipase activity was detected by observing the degradation of tributyrin in agar plates

based on the method of Oterholm and Ordal (1966). This method was adapted for LAB by

using MRS+AJ medium solidified with 20 g/L agar and adjusted to pH 5.0 prior to

autoclaving. Tributyrin at03% (v/v) was dispersed into the medium by sonicating the

autoclaved agar with an ethanol sterilised sonotrobe for 90 seconds at 70 watts using a

Branson B-12 Sonifier immediately prior to pouring. Duplicate plates were inoculated with

30 pL drops of a pre-culture of the appropriate strain (described above), and then

incubated at28"C and observed daily for one week. Producer colonies were identified by

the formation of a clear halo in the opaque medium. As a positive controlthe lipolytic

yeast Yarrowia lipolytica (Charles Sturt University Culture Collection) which had been

cultured overnight at28"C on YPD (1% wlv yeast extract, 2o/o wlv bactopeptone, 2o/o wlv

D-glucose, 2%o wlv agar) was bar streaked concurrently onto the same medium.

2.2.7 Tannase activity

Tannases were detected using methyl gallate substrate based on methods reported by

Osawa and Walsh (1993) and Vaquero et al. (2004). Briefly, a stock solution of 20 mM

methyl gallate was prepared in 0.2 M Mcllvaine buffer at pH 5.0 and stored at 4"C until

required. The assay contained 600 ¡rL of substrate solution and washed cells (harvested

using method described above) to a final ODooo of 0.5. Control assays were prepared

without cells. All assays were incubated at 37"C for 6 hours. Following incubation, the

samples were centrifuged (13,000 x g, 5 minutes) and 500 pL of supernatant was
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removed and added to an equal volume of a saturated solution of NaHCO3 in a 48-well

plate (Costar). The plates were then covered and held at room temperature for I hour.

The absorbance of the resulting green colour was measured using a microplate

spectrophotometer (Bio-Tek lnstruments lnc. pQuant) at 440 nm. All assays were

conducted in duplicate and the results were then corrected for non-enzymatic degradation

of methyl gallate using a cell-free control.

2.2.8 Activity of polysaccharide-degrading enzymes

The substrates and their concentration as used to quantify the degradation of various

polysaccharides are listed in ïable 2.2. Details for individual substrates are shown below

Table 2.2. Substrates used to detect polysaccharide-degrading enzymes

Enzyme Substrate Substrate
concentration Reference

Cellulase
carboxymethylcellu lose,
sodium salt 1o/o (wlv) (Strauss, et al., 2001)

B-glucanase barley p-glucan 0.02o/o (wlv) (Strauss, et al., 2001)

Lichenase lichenan 0.02% (wlv) (Strauss, et al., 2001)

Xylanase
Remazol Brilliant Blue
Xvlan 0.1% (w/v) (Farka5, et al., 1985)

2.2.9 Cellulases

Bacteria were screened for cellulase enzymes using methods derived from Strauss et al.

(2001). Bacteria were grown on agar medium of pH 5.0 containing 5 g tryptone (BD), 2.5 g

yeast extract (Amyl Media), 1 g glucose, 10 g carboxymethylcellulose sodium salt (Fluka)

and 20 g bacteriological agar per litre. Bacterial pre-culture (30 pL) was pipetted onto the

plate surface in duplicate and plates incubated at28"C for three days in the case of

Lactobacillus and Pediococcus and five days in the case of O. oeni. Following incubation,

the colonies were removed by washing with sterile ultrapure water before the plate was

stained with 0.1% (wlv) Congo Red for 1 5 minutes and destained with 1 M NaCl as per

Teather and Wood (1982). Cellulolytic colonies were identified by the presence of an

unstained halo around the colony site against an orange-pink background. Purified

cellulase enzyme from Aspergillus niger (Sigma) was used as a positive control.

2.2.10 B-glucanases

The activity of B-glucanases was detected using barley B-glucan and lichenan substrates

with a method based on that described by Strauss et al. (2001). The modified method
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used a medium consisting of 5 g tryptone, 2.5 g yeast extract, I g glucose,20 g

bacteriological agar and either 0.2 g lichenan (Sigma) or Q.2 g barley B-glucan (Sigma)

per litre. Plates were incubated under the conditions described for the cellulose assay.

Following incubation, the plates were stained with Congo Red (Teather and Wood, 1982)

and producer colonies were evident by the presence of an unstained halo around the

colony site against a stained orange-pink background.

2.2.11 Xylanases

Remazol Brilliant Blue Xylan (Sigma) substrate was used in a plate method based on that

described by FarkaS et al. (1985) in order to detect xylanase activity. The medium

contained 5 g tryptone,2.5 g yeast extract, 1 g Remazol Brilliant Blue Xylan and20 g agar

per litre and 30 pL of LAB pre-cultures were pipetted in duplicate onto the plates and

incubated at 25'C for one month and observed every two days for producer colonies. The

effectiveness of the method at detecting xylanase activity was confirmed using a

concentrated xylanase product (Sigma),

49



2.3 Results

2.3.1 Esferases

The results for the esterase screen using the p-nitrophenol-linked substrates are

presented in Figure 2.1. All of the LAB had some activity towards the ester substrates, but

there was great variation between the three genera. The Pediococcus strains, except the

olive isolate Ped18, showed very weak esterase activity towards the three substrates.

Most of the lactobacilli and oenococci had similar esterase activity towards pNP-acetate

(average of 0.013 and 0.019 units of activity, respectively), with the exception of O. oeni

strains 8, 9, and 12, which were strongly esterolytic towards this substrate (approx. 0.040

to 0.050 units). Esterase activity towards pNP-butyrate (Ave. = 0.031 units) and pNP-

octanoate (Ave. = 0.036 units) were similar within the Oenococcus genus, but within the

Lactobacillus genus activity was minimal towards both substrates (Ave. = 0.004 and Ave.

= 0.003 units, respectively), with the exception of Lac31 and Lac39 which showed slightly

higher activity towards pNP-butyrate. Overall, O. oenistrains 8, 9, I 2 and 28 showed the

strongest esterase activity.

2.3.2 Lþases

Only three of the Lactobacillus strains, Lac25, Lac16 and Lac15, were found to be able to

hydrolyse tributyrin, as seen by a clearing of the opaque medium surrounding the cell

growth in the plate assay (data not shown). None of the Pediococcus or Oenococcus

strains possessed lipase activity as determined using this method.

2.3.3 lannases

The findings from the screen for tannase activity are shown in Figure 2.2.The green

colouration observed during the assay is due to tannase-liberated gallic acid undergoing a

non-enzymatic oxidation and polymerisation (Osawa and Walsh, 1993). All of the LAB

tested displayed some tannase activity as determined by this assay. Generally, the

pediococci had lower activity (overall average OD of 0.211) than both the lactobacilli (Ave.

OD of 0.328) and oenococci (Ave. OD of 0.395). However, there were some exceptions

amongst the pediococci, namely Ped 1 7 and Ped 1 I whose activities (OD of 0.308 and

0.350, respectively) approached that of the lactobacilli and oenococci. Within each genus,

there was great variation in activity, suggesting tannase activity is not only genus, but also

strain dependent. Of the lactobacilli, Lb. brevis strain Lac39 had the greatest tannase

activity (r.e. OD of 0.602) while Lþ. buchneristrain Lac35 showed the lowest activity (OD

of 0.127).
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2.3.4 Polysaccharide-degrading activities

Cellulase activity in LAB was evidenced by their ability to break down

carboxymethylcellulose, which in turn yielded an unstained halo around the colony site

following staining of plates with Congo Red. All of the Lactobacillus and Pediococcus

strains were able to break down this substrate, with the exception of the Lb. fermentum

strain Lac31 (Table 2.3). By comparison, cellulolytic activity was less frequent amongst

the O. oeni with fewer than half (9 out of the 22 strains studied) giving a positive response

Using barley B-glucan as substrate, LAB which produced B-glucanase activity were

identified by the formation of an unstained halo upon treatment of growth plates with

Congo Red. Accordingly, all of the lactobacilli were shown to produce a B-glucanase

activity with the exception of Lb. helveticus strain Lac40. Similarly, all of the pediococci

gave a positive response with the exception of the olive isolate, Ped18, which did not.

However, two of these strains (Ped10 and Pedl 1) produced small halos, suggesting weak

glucanase activity. Of the 20 strains of O. oenitested only six exhibited a B-glucanase

activity. A second B-glucan, lichenan, was also used in order to further differentiate the

strains. All of the Lactobacillus strains studied were able to hydrolyse lichenan with the

exception of Lb. fermentum strain Lac31, which previously had been identified as the sole

Lactobacillus strain that lacked cellulase activity. Of the 10 Pediococcus strains, seven

possessed lichenase activity. Similar to the cellulase findings, lichenase activity was less

frequent within the Oenococcus genus with only 3 out of 22 strains producing a detectable

activity.

The final polysaccharide substrate to be examined was Remazol Brilliant Blue xylan,

however none of the LAB proved positive for xylanase using this substrate.
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Table 2.3. The production of polysaccharide-degrading enzymes by wine lactic acid

bacteria.



Strain Cellulase B-glucanase Lichenase Xylanase

Lactobacillus strains
Lac6 + + +

Lac12 + + +

Lacl 3 + + +

Lacl 5 + + +

Lacl 6 + + +

Lacl 9 + + +

Lac24 + + +

Lac25 + + +

Lac26 + + +

Lac31 +

Lac32 + + +

Lac33 + + +

Lac34 + + +

Lac35 + + +

Lac39 + + +

Lac40 + +

Pedicococcus strains
Ped3 + + +

Pedl 0 + weak +

Pedl 1 + weak +

Pedl 5 + + +

Pedl 6 + +

Ped17 + + +

Pedl B + +

Ped24 + +

Ped27 + +

Ped42 + + +

Oenococcus oenÍ strains

O.oenil
O.oeni2 + +

O.oeni3 nd

O.oeni4
O.oeni5 nd

O.oeni6 + +

O.oeniT
O.oeniB
O.oeni9
O.oenil0
O.oenil1 + +

O.oeni12
O.oeni13 + +

O.oenil4 +

O.oenil6 +

O.oenilT
O.oeni20 + + +

O.oeni2l + +

O.oeni22
O.oeni23 +

O.oeni28
O.oeni29 + +

+ = activity detected; - = no activity detected; nd = not determined
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2.4 Discussion

Described here is a survey of wine-related lactic acid bacteria for potentially useful

enzymatic activities, which to the authors knowledge is the most comprehensive survey of

its type to date. The findings indicate a broad range in the specificity and magnitude of

these activities, thereby reiterating the notion that LAB have the potential to influence wine

composition in a manner which extends well beyond malate decarboxylation. The

significance of the individual activities detected is discussed in further detail below.

ln this study, LAB were screened for the production of esterases capable of hydrolysing

ester substrates. The strains found to have the greatest hydrolytic esterase activity

belonged to O. oeni, the organism most commonly responsible for conducting MLF in

commercialwineries. Davis et al. (1988) reported similar results in their study, finding 23

strains of wine LAB to have esterase activity, including 15 strains of Leuconosfoc oenos

(now classified as O. oeni).

While the results presented here confirm that wine LAB produce hydrolytic esterases, they

also suggest LAB could have an impact on wine aroma, and by extension wine quality.

Esters are qualitatively one of the most important groups of aroma compounds found in

wine and are generally acknowledged to contribute a desirable, fruity aroma (Etievant,

1991 ). They are derived from the grape berry (Rapp and Mandery, 1986) and, perhaps

more significantly, they are produced by yeasts during fermentation (Younis and Stewart,

1998; Lambrechts and Pretorius, 2000). Some esters (and their descriptors) commonly

found above their sensory threshold in wine include ethyl acetate ('fruity' at low

concentrations, but changing to 'nail polish remover' at higher concentrations), isoamyl

acetate (banana), ethyl hexanoate (fruity, violets), ethyl octanoate (pineapple, pear), and

ethyl decanoate (floral) (Margalit, 1997; Lambrechts and Pretorius, 2000).

Until now, perhaps the most important evidence that wine LAB possess esterase activity

has been from wine-volatile profiling studies, which have investigated the changes in

concentrations of individual esters during MLF. For example, increases in ethyl acetate

(Maicas, et al., 1999; Delaquis, et al., 2000), isoamyl acetate (Laurent, et al., 1994;

Maicas, et al., 1999), and ethyl lactate (Delaquis, et al., 2000; Gambaro, et al., 2001) have

been observed, while Zeeman et al. (1982) reported a decrease in some esters following

MLF.

Wine lipids can originate from a number of sources. lnitially, lipids are derived from the

grape berry (including the skin, seeds and pulp) with the concentrations and types of lipids
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varying depending upon grape variety (Gallander and Peng, 1980), fruit maturity at

harvest (Bauman, et al., 1977), climate (lzzo and Muratore, 1993), and presumably via

methods of processing of the grapes. Subsequently, lipids are liberated from yeast during

autolysis, including tri-, di- and mono-acylglycerols and sterols (Pueyo, et al., 2000).

The action of lipases on wine lipids could result in the formation of a range of volatile

compounds, but perhaps the most important would be liberation of fatty acids. Many fatty

acids have low aroma thresholds and can contribute to wine aroma, although with their

odours being described as 'vinegar', 'cheesy' and 'sweaty', they could have a detrimental

effect on wine aroma. However, a positive contribution to the aroma of wine could then be

made by some of the volatile compounds which are in turn derived from fatty acids,

including esters, ketones and aldehydes (Charpentier and Feuillat, 1993).

The lipolytic activity of wine LAB has not previously been thoroughly investigated. ln this

present study, lipase activity was observed in three Lactobacillus strains, but not in any of

the pediococci or O. oeni. Similar results were reported by Herrero et al. (1996) who failed

to find lipolytic activity amongst wine isolates comprising two Leuconostoc and three

Lactococcus strains or any of the 32 Lactobacl/us strains they also investigated. By

contrast, in a study of LAB isolated from wines, Davis et al. (1988) observed lipase activity

towards the tributyrin substrate in several strains of Leuc. oenos and one species of

Lactobacillus.

As noted above, the lipolytic activity of LAB has been more extensively researched in

other areas of food production. ln the dairy industry Lactobacl/us lipases are known to

contribute important flavour compounds, particularly to cheeses (Collins, et al., 2003a),

while Pediococcus species can also show lipase activity (e.9. Katz et al. (2002), Andersen

et al. (1995), and El Soda et al. (1986d)) and are also found in wine. None of those

published studies were focussed on wine strains specifically.

Tannases were explored in our study because of the importance of tannins to the quality

of red wines. Tannases were observed in all of the LAB investigated and several of the O.

oeni strains were found to have high tannase activity. These findings conflict with those

reported by Vaquero et al. (2004) who screened a total of 78 grape and wine LAB isolates

from the genera Lactobacillus, Pediococcus, Leuconostoc and Oenococcus under similar

conditions and found no tannase activity in any of the variants of O. oeni. One strain of Lb.

plantarum was the sole tannase producer. Previous studies suggesting tannases may be

produced by LAB were focussed on isolates of Lb. plantarum, Lactobacillus
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paraplantarum and Lactobacillus penfosus from human faeces and fermented foods

(Osawa, et al., 2000; Nishitani, et al., 2004) and isolates of Lb. plantarum from olive waste

(Lamia and Moktar, 2003). Additionalwork on tannase occurrence included LAB genera

not endogenous to wine, including Sfrepfococcus species (Osawa, 1990; Osawa, et al.,

19e5).

The possession of tannase activity by LAB could confer nutritional benefits on the

bacteria. For example, gallic acid stimulates the early growth stages of O. oeniin wine,

together with malate degradation (Vivas, et al., 1997), whereas the ellagitannin,

vescalagin, improves the viability of non-growing O. oeni (Vivas, et al., 2000). Other

workers have shown that the growth of Lb. hilgardiiwas stimulated by phenolic acids,

including gallic, vanillic, p-coumaric, caffeic, ferulic, p-hydroxybenzoic, protocatechuic, and

syringic acids. Under those same conditions, the growth of O. oeniwas however inhibited

(Campos, et al., 2003). Clearly, further work is required to determine the precise nature

and significance of the interaction of LAB with tannins.

Polysaccharides were the final group of substrates considered in this study. The principal

polysaccharides of higher plant cell walls and middle lamellae which are important to

winemaking, include cellulose (primarily B-glucans), hemicellulose (primarily xylans), and

pectic substances (Whitaker, 1990). These macromolecules are released into grape juice

either by the disruption of berries during crushing, or they are liberated through the action

of grape enzymes. Enzymes which are capable of hydrolysing polysaccharides could (i)

increase juice yields (Berg, 1959; Haight and Gump , 1994), (ii) improve wine quality by

degrading grape cell walls to liberate colour and aroma-precursors (Wightman, et al.,

1997; Bakker, et al., 1999; Pardo, et al., 1999), (iii) aid in processing by avoiding

difficulties caused by polysaccharides (including filter fouling and protracted juice

sedimentation times), and (iv) alter flavour perception (Langourieux and Crouzet, 1994).

Glucans represent one group of polysaccharides of particular interest in this context.

Glucans are found in both grape juice and wine, and in addition to being grape-derived,

they can originate from yeast, including Saccharomyces cerevisiae, during primary

fermentation (Humbert-Goffard, et al., 2004). Spoilage microorganisms associated with

winemaking can also produce glucans. ln particular, the spoilage LAB Pediococcus

cerevisiae (formerly Pediococcus damnosus) secretes a trisaccharide, causing 'ropiness'

in wines. Furthermore, the grape fungus B. cinerea produces a high molecular weight

glucose-based glucan which persists after fermentation (Dubourdieu, et al., 1980; Canal-

Llauberes, 1993).
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Regardless of origin, glucans can impair wine clarification and filtration. Early in

vinification, glucans can prevent sedimentation of solids and reduce juice yields. Often

such problems are overcome by centrifugation or bentonite fining. Although both these

methods accelerate sedimentation, neither removes the causative glucan and filtration

problems persist (Humbert-Goffard, et al., 2004), particularly post-fermentation when the

problem is exacerbated by alcohol-induced polymerisation of the glucan molecules

(Villettaz, et al., 1984; van Rensburg and Pretorius, 2000). B-Glucanases hydrolyse the

glycosidic linkages of B-glucan chains, yielding glucose and oligosaccharides (Humbert-

Goffard, et al., 2004) and have previously been shown to be effective at removing problem

B-glucans from wine, including those from botrytised wines (Villettaz, et al., 1984). Lactic

acid bacteria represent a potentially useful source of B-glucanases for overcoming some

of the processing problems posed by glucans in winemaking. ln this present study, B-

glucanases were detected using B-glucan from barley. Of the 16 lactobacilli used in our

study, 15 were found to be able to hydrolyse B-glucan. Similarly, 9 of the 10 pediococci

showed B-glucanase activity, but activity was less common among the O. oeni with only

six strains showing a positive result. Earlier reports have demonstrated O. oeniproduces

an extracellular glucanase early in the stationary phase of cell growth (Guilloux-Benatier,

et al., 2000). ln that study, the enzyme was found to be B-1,3 in nature and capable of

hydrolysing yeast cell-wall macromolecules, suggesting it could contribute to yeast cell

autolysis after alcoholic fermentation. Further work will be required to confirm if O. oeni

can aid in removing problem glucans, including those secreted by B. cinerea.

Hemicellulose is a heteropolysaccharide and along with cellulose is a major component of

grape berry cell walls. The primary type of hemicellulose is B-1,4-xylan (B-1,4-linked D-

xylopyranosyl)which is both highly branched and highly polymerised (van Rensburg and

Pretorius, 2000). Attached to the xylopyranosyl polymer backbone are a number of

possible entities, including acetyl, arabinosyl and glucanosyl residues (van Rensburg and

Pretorius, 2000). Owing to the different side constituents present, a number of different

and specific types of enzymes are required to completely degrade hemicellulose and

these include galactanases, mannases and xylanases. ln this present study, none of the

LAB were capable of degrading xylan.

Lichenan is a linear 1,3-1,4-P-D-glucan and having 1,3- linkages, it is structurally similar to

the glucan produced by B. cinerea during grape berry infection (Strauss, et al., 2001).

Lichenase (endo-B-1,3-1,4-glucanase) activity in LAB could aid in removing problem

glucans, in particular those found in botrytised wines. Most of the Lactobacillus and

Pediococcus strains in this study were capable of breaking down lichenan and while the
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lichenase activity was less frequent among the O. oeni, LAB represent a potential source

of enzymes for targeting glucans in botrytised wine production. While the genetics and

activity of lichenases has been characterised in other bacteria, including Streptococcus

öovrs (Ekinci, et al., 1997), Bacillus circulans (Kim, 2003), and Clostridium thermocellum

(Piruzian, et al., 2002), to our knowledge, this is the first report of lichenase activity among

wine LAB.

Oenococcus oeni is the preferred organism for instigating MLF in commercial winemaking,

principally because it is suited to the harsh wine environment and is not usually

associated with the production of spoilage characteristics. ln many Australian wineries,

MLF is initiated by inoculating a must or wine with a commercial preparation of O. oeni.ln

this present study, O. oeniwas shown to produce a number of enzymes of oenological

significance. ln general, O. oeniwas found to have stronger esterase and tannase activity

than any of the lactobacilli or pediococci. These findings imply that a range of LAB-derived

enzymes could potentially act on wine substrates during MLF. lnterestingly, the enzymes

capable of degrading polysaccharides were more frequently observed among the

Lactobacillus and Pediococcus strains - an observation that accords well with the stage in

winemaking when ethanol concentrations are lowest and these bacteria grow best.

Moreover, their enzymes would then be most valuable, that is prior to primary

fermentation, and at a stage when they could increase juice yields, as well as aid in juice

settling and clarification. Further work is now required to examine both the production and

the activity of the observed enzymes under wine conditions. ln particular, their activities

need to be assessed at the low pH and temperatures commonly encountered in

commercial wine production and in the presence of wine inhibitors such as ethanol and

sulphur dioxide. The activity of these enzymes also needs to be assessed using wine-

specific substrates. Future research might also reveal any effects their actions may have

on the organoleptic properties and overall quality of wines.
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2.5 Gonclusions

lsolates of the wine-associated genera of LAB, Lactobacillus, Oenococcus and

Pediococcus, were examined for enzymatic properties which could be of value in the

production and processing of wine. Up to 450 combinations of bacterial isolates and

substrates were examined. Across the 50 isolates investigated, all were found to

hydrolyse esters, with the greatest activity being seen amongst the oenococci followed by

the lactobacilli and pediococci. Lipase activity was restricted to three Lactobacillus

isolates, while alltested isolates displayed tannase activity. Cellulase, p-glucanase and

lichenase activities were observed for almost all Pediococcus and Lactobacillus isolates,

while such activities were seen for only a minority of oenococci. No degradation of the

xylan substrate was detected. Once confirmed under wine-like conditions, the findings will

help define potentially interesting genera of LAB for winemaking.
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CHAPTER 3

BIOCHEMICAL CHARACTERISATION OF THE ESTERASE ACTIVITIES OF LACTIC
ACID BACTERIA

3.1 lntroduction

Wine is produced by the enzyme-driven fermentation of grape juice. ln addition to those

enzymes produced by yeast during alcoholic fermentation, a range of additional enzyme

activities can influence both the quality and the style of the final wine. Lactic acid bacteria

(LAB) represent one source of such enzymes. Three genera of LAB are associated with

grape juice and wine, namely Lactobacillus, Pediococctts, and perhaps most importantly,

Oenococcus, of which there is only one species, Oenococcus oeni (Fugelsang and

Edwards, 2007). The primary function of LAB in winemaking is to conduct the malolactic

fermentation (MLF), which involves the decarboxylation of L-malic acid to L-lactic acid. ln

addition to the malolactic enzymes which catalyse the MLF, LAB have further impacts on

wine composition (Liu, 2002).

ln the previous chapter, 50 LAB from the three genera associated with grape juice and

wine, were found to produce a range of enzymes that could potentially be important in

wine production. One of the enzyme activities identified during that screen and earlier

studies (e.9. Davis, et al., 1988) were the esterases, which were capable of hydrolysing

ester substrates. From our work (Chapter 2), all strains of LAB were found to have activity

towards three different ester substrates, although a genus and strain dependence was

observed. ln general, O. oenistrains were found to have higher esterase activity than both

the Lactobacillus and the Pediococcus strains, with the pediococci having particularly low

esterase activity.

Esters are qualitatively one of the most important groups of volatile compounds in

determining wine flavour (Ferreira, et al., 1998; Lilly, et al., 2006), and are potential

substrates for LAB esterases. Most esters which have been identified in wine can be

generally categorised into three groups; ethyl esters of fatty acids, acetate esters of higher

alcohols, and esters of organic acids. Quantitatively, esters of organic acids are the most

important esters found in wine, followed by the acetate esters and ethyl esters of fatty

acids (Etievant, 1991). However, given their low sensory threshold some individual ethyl

esters of fatty acids and acetate esters are also important (Simpson and Miller, 1984;

Aznar, et al., 2001; Ferreira, et al., 2002).
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Minor amounts of some esters are derived from the grape berry, but the principle source

of esters in wine is from their production by yeast during alcoholic fermentation. Ethanol is

a key substrate in the formation of many esters and their formation is, at least to some

extent, concurrent with that of ethanol during alcoholic fermentation (Rapp and Mandery,

1986; Herraiz and Ough, 1993; Plata, et al., 2003). The quantities and types of esters

produced during fermentation have been shown to be dependent upon the yeast strain

conducting the fermentation (Soles, et al., 1982; Antonelli, et al., 1999; Rojas, et al.,

2003), as well as a number of fermentation conditions, including temperature, pH and

nitrogen levels of the juice or must (Lambrechts and Pretorius, 2000).

Ethyl acetate is generally acknowledged to be the most important ester found in wine and

at low concentrations it contributes a fruity and desirable aroma. However, at

concentrations above 200 mgiL, ethyl acetate can cause ester taint by contributing an

undesirable 'solvent' character which is detrimental to both wine aroma and quality

(Dittrich, 1983; Margalit, 1997). While ester taint is usually the result of elevated levels of

ethyl acetate, other esters, such as methylbutyl acetate, can also contribute to the

problem (Sponholz, et al., 1982). Growth of spoilage microorganisms in grape juice or

wine is the primary cause of ester taint. Spoilage yeast, such as Hanseniaspora uvarum

(and its imperfect form Kloeckera apiculafa), and Pichia anomala can result in ester taint

developing early in alcoholic fermentation (du Toit and Pretorius, 2000). ln addition, acetic

acid bacteria, specifically species of Acetobacter, can produce up to 140 mg/L of ethyl

acetate in wine to cause ester taint post-fermentation (Drysdale and Fleet, 1989). The

degradation of problem esters, such as ethyl acetate, by LAB esterases could be valuable

in overcoming such taints in wines.

Having previously demonstrated that wine LAB are capable of hydrolysing esters, further

characterisation of the esterase activity was required. ln particular, it was important to

examine LAB esterase activity under those conditions likely to be found in the wine

environment. Wine pH generally ranges from 2.8 to 4.0, with low pH being important for

encouraging microbial stability and promoting red wine colour. Grape juice and wine

temperatures range from less than 10"C (for example, during juice settling) to 25'C (for

example, during alcoholic fermentation). With the general trend towards preserving wine

quality with low temperatures, LAB esterases will be required to function under these

conditions if they are going to impact on wine esters. Ethanol is another important

parameter in winemaking that could represent an inhibitor to enzyme function. This is

particularly important after alcoholic fermentation, which coincides with the time when
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many wines undergo MLF (Liu, 2OO2).lf the esterases of LAB are to solicit an effect on

wine substrates, they would be required to do so under these limiting conditions.

Biochemical characterisations of LAB esterases, including those of Lactobacfl/us (El Soda,

et al., 1986a; Khalid, et al., 1990; castillo, et al., 1999) and Pediococcus (Østdal, et al.,

1996) strains, have been published previously. However, most of this work has been

carried out in the dairy industry, where esterases contribute to the flavour development of

some foods, in particular, cheeses (Holland, et al., 2005). Parallel work has not been

conducted in the wine industry, despite the generally accepted view that esters are

important volatile compounds in wine.

ln this section, the influence of critical oenological parameters, including ethanol

concentration, pH and temperature, on the esterase activity of nine LAB strains was

investigated. These strains were selected based on their possessing the highest ester-

hydrolysing activity towards p-nitrophenol acetate as detailed in Chapter 2.
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3.2 Materials and Methods

3.2.1 Bacterialsfrarns used in this study

ln total, nine strains of LAB, three lactobacilli, three pediococci and three oenococci, were

used in this study and the details of these are shown in Table 3.1. Some of the bacteria

were isolated from freeze-dried LAB starter cultures for use in commercial winemaking.

Two Lacfobacillus strains, Lac34 and Lac35, and Pediococcus strain Ped42 were

purchased from the Australian Starter Culture Research Centre (Werribee, Victoria), while

Pediococcus strain Ped18 was isolated from a commercial olive product.

Table 3.1. Details of the LAB strains used in the biochemical characterisation study

Strain Genus/species" Origin

lac26 Lactobacillus sp Lallemand nuovi Ceppi Oo1

Lac34 Lactob aci I I u s h ilg ard i i CSCC-5489 SCRC

Lac35 Lactob aci I I u s b uch ne ri CSCC-5400 SCRC

Pedl 1 Pediococcus sp Lalvin MCW

Ped18 Pediococcus sp Olives

Ped42 P e d iococc u s pe nto saceus CS CC -230 4 SCRC

O.oeniS Oenococcus oeni CHR Hansen Viniflora oenos

O.oeni9 Oenococcus oeni CHR Hansen Viniflora oenos

O.oenil2 Oenococcus oeni Lalvin 3X l Step

" Species listed where it is known. SCRC, strains were purchased from the Australian
Starter Culture Research Centre collection.

3.2.2 Preculturing conditions and preparation of biomass

All bacteria were stored in cryopreservative-treated beads at -80'C and in preparation for

experiments were precultured in MRS+AJ broth as described in the previous chapter.

When required for assays, the precultures of bacteria were used to inoculate 5 mL

volumes of fresh MRS+AJ broth and incubated at26"C for 24 hours (lactobacilli and

pediococci) or 60 hours (O. oeni).

All of the esterase assays conducted in this study consisted of liquid suspensions of whole

bacterial cells. The number of bacterial cells required to produce an OD6ss of 0.5 in the
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final assay was determined spectrophotometrically. The required volume of cells was

harvested and washed once in 0.85% (w/v) NaCl solution by centrifugation (5,000 x g, 5

minutes) before being resuspended in an appropriate volume of 0.1 M Mcllvaine buffer

(Dawson, et al., 1986) and aliquoted into the reaction tubes. Dry cellweights were

determined using 10 mL culture samples adjusted to an OD6so of 0.5.

3.2.3 Determination of esterase activity

All esterase assays were conducted using p-nitrophenyl (pNP) octanoate substrate with

the exception of the substrate specificity trials in which seven different pNP-linked ester

substrates were used, as described below. Reaction mixtures (final volume 1 mL) were

prepared as detailed in each section below, and contained bacterial biomass to yield an

optical density at ODooo of 0.5. Reactions were incubated at 37"C for 2 hours (with the

exception of the temperature optima experiments, as described below). Following

incubation, cells were pelleted by centrifugation (13,000 x 9,7 minutes), the supernatant

(900 pL) was transferred to a 48-well microplate (Costar) and the liberated p-nitrophenol

was quantified immediately by measuring the absorbance at 410 nm using a microplate

spectrophotometer (Bio-Tek lnstruments lnc. pQuant). The results were then corrected for

non-enzymatic degradation of the ester substrate using a cell-free control of the same

reaction mixture that was treated in the same manner. All assays and controls were

performed in triplicate and activities were quantified by comparing with p-nitrophenol

standards.

3.2.4 lnfluence of pH on esferase activity

The influence of pH on esterase activity was determined by varying the pH of the reaction

mixture across the range pH 3.0 to 8.0. The buffers used were 0.1 M Mcllvaine buffer (pH

3.0 to 7.5) and NazHPO¿/Na{zPO+buffer (pH 8.0) (Dawson, et al., 1986). Briefly, 1 mL

reactions were prepared by combining 860 pL of the appropriate buffer, 100 pL of the

required cell suspension in the same buffer and 40 ¡rL of a 25 mM stock pNP-octanoate

solution in ethanol, to yield a final substrate concentration of 1 mM. Following incubation

and centrifugation (13,000 x 9,7 minutes), 900 pL of each supernatant was transferred to

a fresh 48-well microplate. For alkalinisation, 300 UL of 0.5 M NaOH was then added to

the pH 3.0 to 4.0 samples and 100 ¡rL of 0.5 M NaOH was added to the pH 4.5 and 5.5

samples prior to absorbance measurements being taken as described above. Results

were quantified by comparison with standard p-nitrophenol solutions prepared under the

same conditions.
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3.2.5 lnfluence of temperature on esferase activity

Esterase activity was studied at six temperatures across the range of 10"C to 60'C in

temperature-controlled environments. Assays were carried out as described for the pH

optima study, but for all samples, 0.1 M Mcllvaine buffer of pH 5.0 was used. Reaction

mixtures containing only buffer and substrate were equilibrated at the appropriate

temperature for 10 minutes before the bacterial cell suspension was added to initiate the

reaction. Following incubation, all samples were centrifuged, transferred into 48-well

microplates and alkalinised as above before absorbances were measured.

3.2.6 Influence of ethanol on esterase activity

The effect of the presence of ethanol on esterase activity was studied at nine ethanol

concentrations ranging from 2 to 18% (v/v). Reaction mixtures were prepared as

described for the temperature optima experiments, but different volumes of ethanol were

added from 20 ¡tL (2% v/v) up to 180 pL (18% viv) and the volume of buffer adjusted

accordingly to maintain a final reaction volume of 1 mL. Reactions were incubated for two

hours at 37'C, and treated post-incubation as described for the temperature optima

samples.

3.2.7 Determination of ester subsúrafe specificity

To determine the preference of individual LAB strains for different ester substrates, seven

pNP-linked esters of varying carbon-chain length were used; pNP-acetate (Sigma),

-butyrate (Sigma), -octanoate (Jomar Diagnostics), -decanoate (Sigma), -dodecanoate

(Fluka), -tetradecanoate (Fluka), and -octadecanoate (Fluka). The method of Pencreac'h

and Baratti (1996) was used with some modifications. Stock solutions (25 mM) of each

substrate were prepared in ethanol (pNP-acetate, -butyrate, -octanoate)or propan-2-ol

(pNP-decanoate, -dodecanoate, -tetradecanoate, -octadecanoate) and stored at -20"C

until required. Reaction mixtures (final volume 1 mL) contained the following: 755 pL 0.1

M Mcllvaine buffer (pH 5.0), 5 pL Triton X-100, 40 pL of stock substrate solution (to yield a

final substrate concentration of 1 mM), 100 pL of 1% (w/v) gum arabic (Sigma) solution,

and 100 pL of cell suspension in buffer. All samples were vortexed vigorously for one

minute and incubated at 37"C for two hours with agitation (100 rpm) on a platform shaker.

Following incubation, all samples were centrifuged and treated as described for the

temperature optima experiments.

3.2.8 Sfafrsfrca/analysis

Significantly different results were identified using the Multiple Range Test at the 5% level
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Results

3.3.1 lnfluence of pH on esferase activity

The effect of pH on the esterase activity of the nine LAB strains towards pNP-octanoate is

shown in Figure 3.1. The Multiple Range Test was conducted and the results are shown

on the figures by letters where different letters represent significant differences between

the means. Overall, the results suggest that the influence of pH varies between LAB

strains, with different patterns of activity being observed for each of the strains studied.

Compared to the other strains, the O. oeniwere least influenced by pH, particularly across

the range of pH 4.0 to 6.5. For O.oeni12, esterase activity was highest between pH 6.0

and pH 6.5 (average of 48 units of activity) and there was no significant difference in

activity at pH 4.5 compared to pH 6.5. More than 40% of maximal activity (Ave. = 21 units)

was retained at pH 3.0 for this strain. Similarly, O.oeni9 showed no significant difference

in activity at pH 6.5, compared to that seen at pH 4.0. Of the three O. oenistrains

examined, O.oeniS showed the greatest activity of all strains (Ave. = 62 units), however

this activity was also the most inhibited by low pH.

All of the lactobacilli showed maximum esterase activity close to pH 6.5, and all three

strains showed a rapid decrease in activity at pH above optimum. Thus, for Lac34 of the

order of 80% of the activity seen at pH 7.0 was lost at pH 7.5. Lac34 also showed a

marked decrease in esterase activity at pH values below 5.0 and minimal activity was

observed at pH 3.0. Of the pediococci, Ped42 showed maximum esterase activity at pH

4.5 to 5.0, values which were lower than the optimum pH values for Ped18 (6.0 to 6.5)

and Pedl 1 (6.0). Of the pediococci examined, Ped18 was the only one to retain at least

some esterase activity at pH 3.0.

3.3.2 lnfluence of temperature on esferase activity

Maximum esterase activity was observed between 30'C and 40"C for all three of the O.

oeni strains (Figure 3.2). For both O.oeniS and O.oeni9, no significant difference in

esterase activity was observed between 30"C and 40"C, but O.oenil 2 had significantly

higher activity at 40'C. Similar trends were obtained for the lactobacilli, albeit at lower

activities. Significantly higher activity was observed at 40'C than at 30"C for both Lac26

and Lac34. lnterestingly, esterase activity diminished quickly above 40'C for all three

lactobacilli strains and was similarly reduced at 10'C. By comparison, activities associated

with two of the pediococci (Pedl 1 and Ped18) showed lower temperature optima than

other strains, with significantly higher activities at 20'C than 40'C. Ped18 maintained 64%

of maximum activity at 10'C, a fact that could be important in wine production where such

temperatures are common.
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Figure 3.1. lnfluence of pH on esterase activity of LAB strains. Units of esterase activity

are defined as pmoles of p-nitrophenol liberated per minute per pg of dry cell weight.

Values are the mean of triplicates t standard deviation. Columns with different letters

are significant at the 5% level according to the Multiple Range Test. NB: The scales

differ across the genera and Lac35 has a different scale to Lac26 and Lac34.
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Figure 3.2. lnfluence of temperature on esterase activity of LAB strains. Units of

esterase activity are defined as pmoles of p-nitrophenol liberated per minute per pg of

dry cell weight. Values are the mean of triplicates t standard deviation. Columns with

different letters are significant at the 5% level according to the Multiple Range Test.

NB:The scales differ across the genera and Lac34 has a different scale to Lac26 and

Lac35.
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3.3.3 The influence of ethanol on esterase activity

Ethanol concentration is an important consideration during winemaking, because MLF is

often conducted after the completion of alcoholic fermentation, when ethanol

concentrations of wine can exceed 13% (vlv). For this reason, the influence of ethanol on

the ability of LAB strains to hydrolyse esters was investigated. Ethanolwas not inhibitory

to the esterase activity of all of the strains (Figure 3.3). ln fact, for all oenococci, ethanol

was found to progressively increase the detected activity up to concentrations of the order

of 16%. The influence of ethanol on the lactobacilli was generally inhibitory, with Lac26

showing the most dramatic reductions commencing from ethanol concentrations as low as

4o/o. Lac35 showed similar results, retaining as little as 30% of the activity seen at 2%

ethanol when exposed to an ethanol concentration of 18o/o. For Ped18, there was no

significant difference in esterase activity at2o/o compared to 160/o, with intermediate

concentrations yielding activities of up to approximately 30% higher.

3.3.4 Suósúrafe specificity of esferases

Overall, the strains studied tended to show greater hydrolytic activity against the short-

chained ester substrates (l.e. < CB). An exception was Ped18, which had equal or higher

activity towards some of the longer esters. The remaining pediococci failed to hydrolyse

any substrates from C12 and longer. All three O. oenistrains showed similar substrate

specificity profiles with highest activity towards the four-carbon pNP-butyrate, but with high

activity also towards pNP-acetate and pNP-octanoate. Similarly, allthree strains showed

minimal activity towards the 14- and 18-carbon substrates. Among the lactobacilli, strong

specificity towards the shortest substrate (pNP-acetate) was observed and all three

strains showed minimal or no hydrolysis of the longer chained ester substrates.
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Figure 3.3. lnfluence of ethanol on esterase activity of LAB strains. Units of esterase

activity are defined as pmoles of p-nitrophenol liberated per minute per pg of dry cell

weight. Values are the mean of triplicates t standard deviation. Columns with different

letters are significant at the 5% level according to the Multiple Range Test. NB: The

scales differ across the genera.
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Figure 3.4. Esterase activity of LAB strains towards different substrates. Units of

esterase activity are defined as ¡.rmoles of p-nitrophenol liberated per minute per ¡rg of

dry cell weight. Values are the mean of triplicates t standard deviation. Columns with

different letters are significant at the 50/o level according to the Multiple Range Test.

NB: The scales differ across the genera and the scale of Ped18 differs from Ped11 and

Pød42.
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3.4 Discussion

ln this study, the esterase activities of nine LAB strains from the genera of Lactobacillus,

Pediococcus and Oenococcus, were characterised in relation to parameters of importance

in the winemaking environment. The results of this work indicate that LAB possess

esterase activity that could potentially alter the ester profile of wine.

The first of these parameters, pH, is monitored throughout the entire winemaking process.

Low pH, commonly within the range 3.0 to 3.6 is sought in both grape juice and wine for a

number of reasons; to optimise the colour of red wines (Somers, 1971), to reduce the

likelihood of growth by spoilage microorganisms (du Toit and Pretorius, 2000), and to

increase the concentration of molecular sulphur dioxide (Margalit, 1997). ln this study,

esterase activity was examined across the pH range 3.0 to 8.0. Under these conditions,

most of the LAB strains were found to have the highest esterase activity when the pH was

close to 6.0 (Figure 3.1). Esterases with pH optima close to neutral have previously been

reported in LAB, including Lactococcus /acfls (Holland and Coolbear, 1996; Chich, et al.,

1997), Lactobacillus casei (Fenster, et al., 2003b), and Lactobacillus helveticus (Fenster,

et al., 2000). However, all of these results were obtained using purified enzyme

preparations, rather than whole cell biomass, which was the case in this study. Despite

having maximum activity close to pH 6.0, some of the strains, O. oeniin particular,

showed activity over a broad pH range, in particular O.oeni9. Such broad pH optima have

been previously been reported for LAB (Chich, et al., 1997; Castillo, et al., 1999), but

these studies were conducted using dairy isolates. ln the current study, some strains

maintained significant esterase activity at wine pH. For example, both O.oeni12 and

O.oenig retained some 50 - 60 % of their maximum esterase activity at pH 3.5 compared

to their optimum pH values.

As stated earlier, MLF is often conducted following alcoholic fermentation (Liu, 2002). At

that time, wine storage temperatures are preferably kept below 20'C, which coincides with

the optimum growth temperature of LAB in wine (Asmundson and Kelly, 1989). As with

pH, some LAB have previously been reported to have esterases with broad temperature

optima (Castillo, et al., 1999). Accordingly, in this study, the temperature optima of

esterase activity was determined across the range 10 to 60"C. Maximum esterase activity

was generally found at temperatures that were higher than those considered suitable for

wine production and storage (Figure 3.2). Activity was however observed across a wide

temperature range, and some strains retained significant activity at lower temperatures.

All strains had more than 41o/o of their maximum activity at 20'C and the organism usually

responsible for conducting MLF in commercial wineries, O. oeni, retained more than 60%
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of maximal activity at 20'C. These results therefore again suggest that esterases of wine

LAB could be active at the temperatures applied during MLF and wine storage.

A second consequence of conducting MLF after the alcoholic fermentation is that high

concentrations of ethanol may be present. The growth of some LAB has been shown to

be inhibited by ethanol concentrations as low as 4%in wine (Capucho and San Romão,

1994). By contrast, the malolactic activity of some strains of O. oeniis unaffected by

ethanol concentrations of up to 12o/o, ãtld partial activity is retained at 160/o (Capucho and

San Romão, 1994). The results from this study indicate that for some LAB, esterase

activity, like that of the malolactic enzyme, may not be inhibited by the ethanol at

concentrations commonly found in wine (Figure 3.3). The esterase activity of all three O.

oeni and some of the other strains were not inhibited by ethanol, except at concentrations

of greater than 14 or 160/o. Moreover, the ester-hydrolysing ability of the O. oenistrains

was actually stimulated by increasing ethanol concentration, to the extent that higher

activity was observed at 14Yo ethanol compared to 2%. A similar trend has been reported

for other O. oenienzymes. Work by this group revealed that the presence of 10% ethanol

resulted in an enhancement of B-glucosidase activity of a number of O. oeni(Grimaldi, et

al., 2000 and 2005a) and some pediococci and lactobacilli (Grimaldi, et al., 2005b) strains.

One possible explanation for this trend may be that ethanol changes the membrane

permeability of the cells, allowing more substrate and enzyme interaction to occur. Again,

these findings suggest that LAB could possess esterase activity that is able to function in

wine, in this case, even in the presence of concentrations of ethanol as high as 16% (v/v).

To characterise the specificity of LAB esterase activity for particular esters, a number of

substrates were investigated. For convenience, synthetic ester substrates that do not

occur naturally in wine were used for this work. The results from this study reveal that with

the exception of one strain (Ped18), all LAB strains showed highest hydrolytic activity

towards short and medium-chained esters (Figure 3.4). Preference for short-chained

esters has been reported in dairy LAB, including some species also found in wine, such

as Ló. helveticus (Fenster, et al., 2000), Lb. casei(El Soda, et al., 1986c; Castillo, et al.,

1999; Fenster, et al., 2003b; Choi, et al., 2004), Lactobacillus plantarum (El Soda, et al.,

1986c; Macedo, et al., 2003), Lactobacillus fermentum (El Soda, et al., 1986c), and

Lactobacillus örevis (El Soda, et al., 1986c). These results suggest short-chained esters

are more likely substrates for LAB esterases in wine. Examples of such esters include

short-chained ethyl esters, namely ethyl acetate and ethyl butyrate. Such esters generally

contribute a desirable, fruity aroma to wine (Lilly, et al., 2000), thus degradation of these

aromatic compounds would not necessarily be advantageous to wine quality. However, a
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beneficial role of these esterases might arise out of their deliberate application to treat

wines tainted with unacceptably high concentrations of these esters.

The removal of excess ethyl acetate, which at higher concentrations (> 180-200 mg/L;

Peynaud, 1984) confers an acescent character to wine, would be an advantage. Strain

Lac26, shown in the current study to have high activity toward the C2 ester substrate and

minor activity toward the larger substrates, might be used to specifically to target this

problem compound in wine. Conversely, a number of the LAB also had significant activity

towards some of the longer chained esters. Examples which have been identified in wine

include ethyl dodecanoate and ethyltetradecanoate (Francioli, et al., 1999b). The aroma

contribution of these larger compounds becomes less desirable and descriptors such as

'soaplike' and 'stearic' predominate (Rapp and Mandery, 1986). Thus amelioration of

wines containing long-chained ethyl esters could be achieved through treatment with

selected LAB strains. ln particular, O. oenl strains variously displayed more than 30% of

their maximal activity towards the decanoate or dodecanoate ester substrate, and Ped18

showed significant action against the two longest esters. Further work will be required to

determine the full benefit of the proposed esterase-based strategies of modifying wine

aroma.

While the work presented here goes some way to characterising the activity of LAB

esterases, their action in wine is still not fully elucidated. Wine is a complex combination of

all of the factors discussed here, as well as others. At the very least it is possible that the

combined influences of the individual parameters that have been studied unilaterally here,

will yield different outcomes. This has already been shown to be the case for B-

glucosidase activities (Grimaldi et al., 2000, 2005a and 2005b). lmportantly, the outcomes

from a challenge of combined parameters was not necessarily predicted by the reponse to

the single parameters. ln addition, other wine components such as sulphur dioxide,

previously shown to inhibit the malolactic activity of LAB (Carreté, et al., 2002), might also

affect esterases. Whether the esterase activities of wine LAB are capable of making

significant and detectable changes to the flavour of wines remains to be determined. ln

addition to hydrolytic esterases reducing ester concentrations, there would be a

simultaneous increase in the concentration of ester-degradation products, including fatty

acids, higher alcohols, and organic acids. Many of these compounds are themselves

known to contribute to wine flavour.
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3.5 Gonclusions

Lactic acid bacteria were found to be active towards artificial ester substrates under

important wine conditions. However, for most strains, these conditions did not coincide

with optimum activity. ln general, esterase activity was greatest close to neutral pH and at

temperatures close to 40"C. lncreases in ethanol concentration caused a progressive

increase in the esterase activity of some of the strains, in particular O. oeni. Activity was

also greater towards short-chained esters, although exceptions were observed. Further

work is now required to examine the activity of LAB esterases in the wine environment,

which represents a combination of all of the parameters studied here. Also, it is essential

to now examine the esterase activity towards wine esters, rather than artificial ester

substrates.
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CHAPTER 4

INFLUENCE OF O, OENI ON WINE ESTERS DURING MALOLACTIC FERMENTATION
AND THE ESTER.SYNTHESIS ACTIVITY OF O. OENI

4.1 lntroduction

ln the previous chapter it was demonstrated the lactic acid bacteria (LAB) have the ability

to hydrolyse a range of artificial ester substrates and with varying influence from key wine

compositional parameters. These findings constitute evidence that further supports the

notion that in addition to conducting the decarboxylation of L-malic during the MLF, these

organisms carry out a range of secondary reactions, some of which may impact on the

sensory properties of wine. The diketone diacetyl is generally acknowledged to be the

most important volatile compound produced by LAB in wine (Zeeman, et al., 1982;

Martineau and Henick-Kling, 1995). Aroma descriptors of diacetyl include nutty, toasty and

buttery and at low concentrations it can add to wine complexity (Rankine, et al., 1969;

Martineau, et al., 1995; Bartowsky and Henschke, 2004). ln addition to diacetyl and its key

derivatives, acetoin and 2,3-butanediol, LAB have been shown to impact on other volatiles

during MLF, including higher alcohols (Laurent, et al., 1994; Maicas, et al., 1999), fatty

acids (Zeeman, et a1.,1982; Avedovech, et al., 1992; Maicas, et al., 1999), aldehydes

(Avedovech, et al., 1992; Osborne, et al., 2006), and relevantly, esters (Pilone, et al.,

1966; Zeeman, et al., 1982; Bertrand, et al., 1984; Maicas, et al., 1999; Delaquis, et al.,

2000; Gambaro, et al., 2001; Ugliano, et al., 2003).

Some studies have examined the effect of MLF on important wine volatiles, including

esters. The data regarding esters from these studies is summarised in Table 4.1. The fate

of most of the ethyl esters (such as ethyl acetate, ethyl butanoate, and ethyl hexanoate)

appears to be highly dependent upon the strain conducting MLF. This includes the

important wine ester, ethyl acetate, which has been reported to increase and decrease

significantly as well as remain unchanged during MLF. Varied results have also been

reported for some of the acetate esters, including 3-methylbutyl acetate (isoamyl acetate)

and hexyl acetate. Ethyl lactate is consistently reported to increase in concentration during

MLF. Thus, the literature demonstrates that conducting MLF has an unpredictable effect

on wine esters, and this is likely to be attributable, at least in part, to the strain of LAB

employed. To date, no work has been conducted specifically examining the effect of

Oenococcus oenl strains on ester substrates in the wine environment with regards to

esterase activity.
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Table 4.1. A summary of the reported changes in the concentrations of esters in wine

following MLF.



No change in concentration

Lb. casei (Zeeman, et al., 1982)

Equilait (LEA) (Zeeman, et al., 1982)

unidentified lactobacilli (Zeeman, et al., 1982)

Uvaferm ML-D (Lallemand) (Herjavec, et al., 2001)

unidentified LAB (Zeeman, etal., 1982: Herjavec, et al., 2001)

O. oeni MCW (Laurent, et al., 1994)

Lb. casei (Zeeman, et al., 1982)

EQ54 (Lallemand) (Ugliano and Moio, 2005)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio, 2005)

Equilait (LEA) (Zeeman, et al., 1982)

Uvaferm ML-D (Lallemand) (Herjavec, et al., 2001)

unidentified lactobacilli (Zeeman, et al., 1982)

unidentified LAB (Zeeman, et al., 1982; Herjavec, et al., 2001 )

O. oeniY\15 (Maicas, et al., 1999)

O. oeniTE3 (Maicas, et al., 1999)

O. oení BM3 (Maicas, et al., 1999)

O. oeni MA4 (Maicas, et al., 1999)

Lö. sp. CH4 (Maicas, et al., 1999)

Uvaferm ML-D (Lallemand) (Herjavec, et al., 2001)

unidentified LAB (Herjavec, et al., 2001)

Lb. casei (Zeeman, et al., 1982)

Lb. delbrueckii (Pilone, et al., 1966)

Lb- buchneri (Pilone, et al., 1966)

Lb. brevis (Pilone, et al., 1966)

Decrease in concentration

O. oeni BM3 (Maicas, et al., 1999)

O. oeni MA4 (Maicas, et al., 1999)

unidentified LAB (du Plessis, elal.,20O2)

O. oeni ERla (Avedovech, et al., 1992)

O. oeni EY2d (Avedovech, et al., 1992)

O. oeni MCW" (Laurent, et al., 1994)

Lb. casei (Zeeman, et a1.,1982)

Equilait (LEA) (Zeeman, et al., 1982)

unidentif¡ed lactobacilli (Zeeman, et al., 1982)

unidentified LAB (Zeeman, et al., 1982; du Plessis, et al.,
2002)

lncrease in concentration

O. oeni W5 (Maicas, et al., 1999)

O. oeniTES (Maicas, et al., 1999)

Lb. sp. GH4 (Maicas, et al., 1999)

X-3 (Lallemand) (Delaquis, et al., 2000)

lnobacter (Lallemand) (Delaquis, et al., 2000)

Lalvin 31 (Lallemand) (Ugliano and Moio,2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio, 2005)

O. oeni MGW (Laurent, et al., 1994)

O. oeni ERla (Avedovech, et al., 1992)

Lalvin 31 (Lallemand) (Ugliano and Moio, 2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio, 2005)

EQ54 (Lallemand) (Ugliano and Moio, 2005)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio, 2005)

Lalvin 3l (Lallemand) (Ugliano and Moio, 2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio, 2005)

EQ54 (Lallemand) (Ugliano and Moio,2005)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio, 2005)

Ester

ethyl acetate

ethyl propanoate

ethyl butanoate

ethyl pentanoate

ethyl hexanoate

ethyl oc{anoate
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Table 4.1 (continued). A summary of the reported changes in the concentrations of

esters in wine following MLF.



No change in concentration

Equilait (LEA) (Zeeman, et al., 1982)

Uvaferm ML-D (Lallemand) (Herjavec, et al., 2001)

Leuc. citrovorum (Pilone, et al., 1966)

Pd. cerevisiae (Pilone, et al., 1966)

unidentified lactobacilli (Zeeman, et al., 1982)

unidentified LAB (Zeeman, et al., 1982; Herjavec, et al., 2001)

Lb. casei (Zeeman, et a|.,1982)

Lb. delbrueckii (Pilone, et al., 1966)

Lb. buchneri (Pilone, et al., 19ô6)

Lb. brevis (Pilone, et al., 1966)

Leuc. citrovorum (Pilone, et al., 1966)

Pd. cerevisiae (Pilone, et al., 1966)

Equilait (LEA) (Zeeman, et al., 1982)

Uvaferm ML-D (Lallemand) (Herjavec, et al., 2001)

unidentified lactobacil li (Zeeman, et al., 1 982)

unidentified LAB (Zeeman, et al., 1982; Herjavec, et al., 2001;
du Plessis, el al., 2002)

Lalvin 31 (Lallemand) (Ugliano and Moio,2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio,2005)

EQ54 (Lallemand) (Ugliano and Moio, 2005)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio, 2005)

Lalvin 31 (Lallemand) (Ugliano and Moio, 2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio, 2005)

EQ54 (Lallemand) (Ugliano and Moio, 2005)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio,2005)

Decrease in concentration

O. oeni MCW (Laurent, et al., 1994)

O. oeni MCW (Laurent, et al., 1994)

lncrease in concentration

Lalvin 31 (Lallemand) (Ugliano and Moio, 2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio, 2005)

EQ54 (Lallemand) (Ugliano and Moio, 2005)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio,2005)

O. oeni ERla (Avedovech, et al., 1992)

O. oeni MCW (Laurent, et al., 1994)

Ester

ethyl octanoate
(continued)

ethyl
decanoate

ethyl 2-methyl
propanoate

ethyl 2-methyl
butanoate

ethyl 3-methyl
butanoate
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Table 4.1 (continued). A summary of the reported changes in the concentrations of

esters in wine following MLF.



No change in concentration

O. oeniW5 (Maicas, et al., 1999)

O. oeni TE3 (Maicas, et al., 1999)

O. oeni BM3 (Maicas, et al., 1999)

O. oeni MA4 (Maicas, et al., 1999)

I-b. sp. CH4 (Maicas, et al., 1999)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio, 2005)

Lb. delbrueckii (Pilone, et al., 1966)

Lb. buchneri (Pilone, et al., 1966)

Lb. brevis (Pilone, et al., 1966)

Leuc. citrovorum (Pilone, et al., 1966)

Pd. cerevisiae (Pilone, et al., 1966)

Uvaferm ML-D (Lallemand) (Herjavec, et al., 2001)

unidentified LAB (Herjavec, et al., 2001)

O. oeni BM3..(Maicas, et al., 1999)

O. oeni MA4 (Maicas, et al., 1999)

O. oeniTE3 (Maicas, et al., 1999)

Uvaferm ML-D (Lallemand) (Herjavec, et al., 2001)

unidentified LAB (Herjavec, et al., 2001)

Decrease in concentration

O. oeniW5 (Maicas, et al., 1999)

O. oeniTE3 (Maicas, et al., 1999)

O. oeni BM3 (Maicas, et al., 1999)

O. oeni MA4 (Maicas, et al., 1999)

Lb. sp. CH4 (Maicas, et al., 1999)

O. oeniW5 (Maicas, et al., 1999)

O. oeniTE3 (Maicas, et al., 1999)

O. oeni BM3 (Maicas, et al., 1999)

O. oeni MA4 (Maicas, et al., 1999)

Lb. sp. CH4 (Maicas, et al., 1999)

O. oeni ERla (Avedovech, et al., 1992)

O. oeni ERla (Avedovech, et al., 1992)

O. oeni EY2d (Avedovech, et al., 1992)

Lb. casei (Zeeman, et a1.,1982)

Equilait (LEA) (Zeeman, et al., 1982)

unidentified lactobacilli (Zeeman, et al., 1982)

unidentified LAB (Zeeman, et al., 1982; Bertrand, et al.,
1984; du Plessis, et a!.,2002)

lncrease in concentration

Lalvin 31 (Lallemand) (Ugliano and Moio, 2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio, 2005)

EQ54 (Lallemand) (Ugliano and Moio, 2005)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio, 2005)

Lalvin 31 (Lallemand) (Ugliano and Moio, 2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio, 2005)

EQ54 (Lallemand) (Ugliano and Moio, 2005)

O. oeni ERla (Avedovech, et al., 1992)

O. oeni MCW (Laurent, et al., 1994)

O. oeniW5 (Maicas, et al., 1999)

Lb. sp. GH4 (Maicas, et al., 1999)

Lalvin 31 (Lallemand) (Ugliano and Moio,2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio,2005)

EQ54 (Lallemand) (Ugliano and Moio, 2005)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio, 2005)

Ester

ethyl 3.
hydrorybutanoate

ethyl 4-
hydrorybutanoate

3-methylbutyl
octanoate

methyl acetate

butyl acetate

2-methylpropyl
acetate

3-methylbutyl
acetate
(isoamyl acetate)
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Table 4.1 (continued). A summary of the reported changes in the concentrations of

esters in wine following MLF.



No change in concentration

Lalvin 3l (Lallemand) (Ugliano and Moio,2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio,2005)

EQt4 (Lallemand) (Ugliano and Moio, 2005)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio, 2005)

O. oeni TE3 (Maicas, et al., 1999)

Lalvin 31 (Lallemand) (Ugliano and Moio, 2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio, 2005)

EQ54 (Lallemand) (Ugliano and Moio, 2005)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio, 2005)

Decrease in concentration

O. oeni DSM 7008 (Chr. Hansen) (Gambaro, et al., 2001)

Lb. casei (Zeeman, et al., 1982)

Equilait (LEA) (Zeeman, et al., 1982)

unidentified lactobacilli (Zeeman, et al., 1982)

unidentif¡ed LAB (Zeeman, et al., 1982; du Plessis, etal.,2O02)

Lb. casei (Zeeman, et al.,1982)

Equilait (LEA) (Zeeman, et al., 1982)

unidentified lactobacilli (Zeeman, et al., 1982)

unidentified LAB (Zeeman, etal.,1982; du Plessis, etal.,2O02)

lncrease in concentration

O. oeni ERla (Avedovech, et al., 1992)

O. oeni BM3 (Maicas, et al., 1999)

O. oeni MA4 (Maicas, et al., 1999)

O. oeniWS (Maicas, et al., 1999)

Lb. sp. CH4 (Maicas, et al., 1999)

Lalvin 31 (Lallemand) (Ugliano and Moio,2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio,2005)

EQ54 (Lallemand) (Ugliano and Moio, 2005)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio, 2005)

O. oenÍW5 (Maicas, et al., 1999)

O. oeniTE3 (Maicas, et al., 1999)

O. oeni BM3 (Maicas, et al., 1999)

O. oeni MA4 (Maicas, et al., 1999)

O. oeni DSM 7008 (Chr. Hansen) (Gambaro, et al., 2001)

Lb. delbrueckii (Pilone, et al., 1966)

Lb. buchneri (Pilone, et al., 1966)

Lb. brevis (Pilone, et al., 1966)

Leuc. citrovorum (Pilone, et al., 1966)

Pd. cerevisiae (Pilone, et al., 1966)

Ester

heryl acetate

2-phenylethyl
acetate

ethylphenyl
acetate

ethyl lactate
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Table 4.1 (continued). A summary of the reported changes in the concentrations of

esters in wine following MLt .



No change in concentration

O. oeniY\15 (Maicas, et al., 1999)

O. oeni MA4 (Maicas, et al., 1999)

Lb. delbrueckii (Pilone, et al., 1 966)

Leuc. citrovorum (Pilone, et al., 1966)

Decrease in concentrationlncrease in concentration

Lb. casei (Zeeman, et al.,1982)

Lb. sp. GH4 (Maicas, et al., 1999)

Lalvin 3l (Lallemand) (Ugliano and Moio,2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio, 2005)

EQ54 (Lallemand) (Ugliano and Moio,2005)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio, 2005)

Equilait (LEA) (Zeeman, et al., 1982)

Uvaferm ML-D (Lallemand) (Herjavec, et al., 2001)

unidentified lactobacilli (Zeeman, et al., 1982)

unidentified LAB (Zeeman, et al., 1982; Bertrand, et al
1984; Herjavec, et al., 2001; du Plessis, etaJ.,2002)

O. oeni BM3 (Maicas, et al., 1999)

Lb. brevis (Pilone, et al., 1966)

Lb. buchneri (Pilone, et al., 1966)

Pd. cerevisiae (Pilone, et al., 1966)

Lö. sp. CH4 (Maicas, et al., 1999)

Lalvin 31 (Lallemand) (Ugliano and Moio, 2005)

Uvaferm Alpha (Lallemand) (Ugliano and Moio, 2005)

EQ54 (Lallemand) (Ugliano and Moio,2005)

Lalvin O.S.U. (Lallemand) (Ugliano and Moio, 2005)

O. oeniTE3 (Maicas, et al., 1999)

Lb. casei (Zeeman, et al., 1982)

Equilait (LEA) (Zeeman, et al., 1982)

unidentified lactobacilli (Zeeman, et al., 1982)

unidentified LAB (Zeeman, et al., 1982; Herjavec, et al.,
2001 )

Uvaferm ML-D (Lallemand)(Herjavec, et al., 2001)

Ester

ethyl lactate
(continued)

diethyl succinate
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Beyond winemaking, the fruity aromas of many esters have lead to them being used

extensively in the flavour and fragrance industries, particularly as food additives.

Traditionally, esters were either chemically synthesised or extracted from their natural

source. As the consumer demand for'natural'food additives grows, chemically

synthesised esters are becoming less accepted, and extracting esters from their natural

source is costly (Longo and Sanroman, 2006). As a result, the ester-synthesising activities

of a wide range of microorganisms have been assessed as potential sources of flavour

esters. Such microorganisms include fungi (e.9. Rhizopus oryzaei Molinari, et al., 1995),

yeast (e.9. Candida antarctica; Larios, et al., 2004), and bacteria (e.9. Bacillus

licheniformrs (Alvarez-Macarie and Baratti, 2000) and Pseudomonas fragi (leblanc, et al.,

1998)). Due to its ubiquitous nature in winemaking, considerable research has also

focussed on ester-synthesis by Saccharomyces cerevisiae (Mauricio, et al., 1993; Lilly, et

al., 2000; Verstrepen, et al., 2003; Lilly, et al., 2006).

Regarding the ester-synthesising abilities of LAB, some research has been carried out in

the dairy industry. Esters such as ethyl butyrate and ethyl hexanoate contribute to the

characteristic flavours of various dairy products, for example Parmigiano-Reggiano

cheese (Meinhart and Schreier, 1986). Esters are also responsible for fruit-flavour defects

in Cheddar cheese (McSweeney and Sousa, 2000) and pasteurised milk (Whitfield, et al.,

2000). Despite the significant role esters play in determining the flavour and quality of

milk-based products, literature pertaining to LAB-derived esters is limited. The studies that

do exist reveal that given appropriate substrates, some dairy LAB can synthesise esters.

In general, there are four mechanisms by which lipolytic enzymes can produce esters;

esterification and three different interesterification (or transferase) reactions, namely

alcoholysis, acidolysis and transesterification (Figure 4.1 ).

Figure 4.1. The four mechanisms of ester synthesis reactions catalysed by lipolytic
enzymes where R is a hydrocarbon moiety (Holland, et al., 2005).

Esterification

Alcoholysis

Acidolysis

Transesterification

R-COOH + R-OH -+ R-COO-R + HzO

R-COO-R + R-OH -+ R-COO-R + R-OH

R-COO-R + R-COOH -) R-COO-R + R-COOH

R-COO-R + R-COO-R -) R-COO-R + R-COO-R
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Dairy LAB have been shown to be able to catalyse ester-synthesis by two of these

methods, namely esterification and alcoholysis. Crude cell extracts of two Lactobacillus

and three Streptococcus strains were found to produce ethyl butanoate and ethyl

hexanoate by esterification of ethanol and butanoic or hexanoic acid (Hosono, et al.,

1974). A brief characterisation of the activity found maximum ester synthesis occurred

close to pH 7.0 and at 32'C (Hosono and Elliott, 1974). More recently, non-growing cells

of 71 dairy LAB isolates were found to produce ethyl butanoate by esterification of ethanol

and butanoic acid (Liu, et al., 1998). ln that study, there was a775-fold difference

between the weakest and strongest ester-producing strains. Also, the concentration of

ethyl butanoate produced was both species and strain dependent with Sfrepfococcus

strains generally producing more ester than the Lactobacillus and Leuconostoc strains.

The principle esterase responsible for synthesising esters in Lactococcus /acfls was

identified by producing a negative mutant (Nardi, et al., 2002). Similarly, using

recombinant methods, esterases of two dairy Lactobacillus strains and a Lactococcus

strain were shown to produce ethyl esters (Fenster, et al., 2003c).

More recent research has further indicated that some LAB can produce esters by

alcoholysis (Figure 4.1). lnitially,20 dairy LAB isolates were reported to produce ethyl

butanoate from ethanol and the synthetic triglyceride, tributyrin (Liu, et al., 2003). The

activity was strain dependent with a 228-fold difference between the strongest and

weakest strains, but in general, Streptococcus thermophilus strains had the highest

activity. Further work by the same group attributed the activity of a Sc. thermophilus and

Lc. lactis strain to alcohol acyltransferases (Liu, et a\.,2004a).

The ester-producing ability of wine LAB by either esterification or alcoholysis has not been

explored previously, but such activity could be significant in wine where esters are

important flavour compounds. Milk-derived products contain high levels of glycerides,

which are one of the substrates in the formation of esters by alcoholysis. By contrast,

substrates for esterification reactions, such as higher alcohols, acetic acid and fat$ acids,

which themselves are flavour compounds, are probably more abundant in wine. An

investigation of either esterification or alcoholysis activity would be valuable in elucidating

the esterases of O. oeni, and would also contribute to the on-going debate regarding the

mechanism by which different LAB synthesise esters.

As stated, work detailed in the previous chapter, which revealed ester-hydrolysing activity

amongst O. oeni, was conducted with regard to important wine compositional parameters.

However, for convenience, artificial substrates that are not found in grapes or wine were
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used to conduct these trials, namely p-nitrophenyl-linked esters. lt was therefore

important to study the activity of LAB in the wine environment and towards wine esters.

Trials in wine were conducted to determine the fate of individual esters during MLF by six

strains of O. oeni. ln a preliminary ester-synthesis trial, the ability of three strains of O.

oenito produce five esters, all of which are commonly identified in wine, by esterification

was also investigated.
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4-2 Materials and Methods

4.2.1 Bacterialsfrarns used in this study

Details of the strains used in this work are shown in Table 4.2.ln the MLF trials, a total of

six strains of O. oeniwere studied. ln addition to the three O. oeni strains with high

esterase activity used in the biochemical characterisation (O.oeni8, O.oeni9, O.oeni12),

three strains (O.oeni2, O.oeni6, O.oeni12) previously found to have low ester-hydrolysing

activity (See Chapter 2) were also included as a comparison. ln the trial to look for ester

synthesis, only the three strains with high esterase activity were examined.

Table 4.2. Details of the O. oenistrains used in this work

Strain Esterase activity" Origin

O.oeni2 Low Lalvin 4X (V192)

O.oeni6 Low Lalvin MTO1 Standard

O.oeni16 Low Lalvin 3X Standard

O.oeniS High CHR Hansen Viniflora oenos

O.oeni9 High CHR Hansen Viniflora oenos

O.oeni12 High Lalvin 3X l Step

" Refers to the level of esterolytic activity observed for each strain in the initial
esterase screen (Chapter 2).

4.2.2 Preparation of wine for MLF trials

Two wines were used in this study, a Cabernet Sauvignon and a Chardonnay. The

Hickinbotham Roseworthy Wine Science Laboratory at the University of Adelaide kindly

donated both wines after the completion of alcoholic fermentation, and prior to being

inoculated for MLF. The Cabernet Sauvignon wine was adjusted to 13o/o (vlv) ethanol by

dilution with distilled water, and 1 g/L fructose was added to both wines prior to being

sterile filtered (0.45 pm, Sartorius). lnitial malic acid concentrations for the Cabernet

Sauvignon (2.3 SIL) and Chardonnay (2.2 gil) were determined using a

spectrophotometric-based enzymatic analysis kit (Boehringer Mannheim, Roche, Cat. no.

1 39068).
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4.2.3 Preparation of bacteria and inoculation of wine

Bacteria were precultured from stocks as described earlier, inoculated into fresh MRS+AJ

broth and grown at26"C for 40 hours. Adaptation of the LAB to wine conditions occurred

over three stages with the culturing media containing progressively increasing proportions

of wine and concurrently decreasing pH. Subsequent inoculations occurred by collecting 4

mL of cells, pelleting by centrifugation (5000 x g, 5 minutes) and resuspending the cells in

the new media (a0 mL). Media initially consisted of MRS+AJ supplemented with 33% (v/v)

sterile-filtered wine and adjusted to pH 4.5. Subsequent steps were the same but

contained 50% (v/v) wine at pH 4.0, and75o/o (v/v) wine at pH 3.5 (in the case of Cabernet

Sauvignon, the final media was at pH 3.7). Wine was inoculated by pelleting cells from 4

mL of the final adaptive media, discarding the supernatant, washing cells once in sterile

0.85% (w/v) NaCl and resuspending in 40 mL of wine. Uninoculated control wines were

also prepared to examine non-bacterial changes in ester concentration. All fermentations

and controls were conducted in duplicate.

4.2.4 Conduct of malolactic fermentation

Following inoculation, wine was aliquoted into 50 mL Schott bottles and sparged with

sterile carbon dioxide for one minute. Wines were incubated at 20 to 22"C without

agitation for the duration of MLF. Aliquots of uninoculated controls were stored under the

same conditions as the inoculated ferments and also at -30"C for the duration of MLF. The

progress of MLF was monitored by determining the concentration of malic acid weekly

and was deemed complete when the concentration of malic acid was less than 0.1 g/L. At

the completion of MLF, all samples were filter sterilised (0.45 pm, Sartorius) and stored at

-30"C until required for ester analysis.

4.2.5 Determination of ester concentrations in wine

Ester analysis was performed at The Australian Wine Research lnstitute using a SPME-

HS-GC-MS method developed at the lnstitute for quantifying important volatile

compounds in wine (Siebert, et al., 2005). The concentration of each ester was

determined in duplicate for each fermentation.

4.2.6 Preculturing conditions of bacteria for ester-synfhesrs fnals

Bacteria were precultured from stocks as described earlier, inoculated into fresh MRS+AJ

broth and grown at 26"C for 4O hours. Cells were harvested and washed once with 0.85 %

NaCl by centrifugation (5000 x g, 5 minutes) before being resuspended in 100 mM

Mcllvaine buffer (pH 6.5).
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4.2.7 Preparation of substrates for ester-synfhesrs fnals

The ability of O. oenito synthesise five different esters was investigated. Details of the

acid and alcohol pairs and the esters derived from them are shown in Table 4.3.

Table 4.3. The alcohol and acid substrate pairs used to determine the ester-
synthesis capabilities of three O. oenistrains.

Alcohol substrate Acid substrate Ester product

ethanol butanoic acid ethyl butanoate

ethanol hexanoic acid ethyl hexanoate

2-methyl butanol acetic acid 2-methylbutyl acetate

hexanol acetic acid hexyl acetate

3-methyl butanol
(isoamyl alcohol)

acetic acid
3-methylbutyl acetate
(isoamyl acetate)

Substrates and ester standards were all greater than 98.5% purity, details as follows:

ethanol (Merck, 4.10030.254), acetic acid (ChemSupply, 44009), butanoic acid (Fluka,

19210), ethyl butanoate (Fluka, 19230), hexanoic acid (Aldrich,H12137), ethyl hexanoate

(Aldrich, 148962),2-methyl butanol (Aldrich, 133051), hexanol (Fluka, 52830), hexyl

acetate (Aldrich, 108154), 3-methyl butanol (Fluka, 59091), and 3-methylbutyl acetate

(Sigma, 19392). The 2-methylbutyl acetate standard was kindly provided by Dr Alan

Pollnitz of The Australian Wine Research lnstitute.

Reaction conditions were based on those described by Liu and coworkers (1998), but with

some modifications. Stock solutions (8 mM) of each substrate were prepared in sterile

ultrapure water. Reaction mixtures (10 mL) contained 2.5 mL of one alcohol substrate

stock solution, 2.5 mL of the corresponding acid substrate stock solution and 5 mL of a

bacterial cell suspension in 100 mM Mcllvaine buffer (pH 6.5) to yield a final ODooo of 0.5

and 2 mM of each substrate. Controls containing no bacteria were also prepared to

account for chemical esterification of the substrates. The samples were incubated

statically for 16 hours at20 - 22"C. Following incubation, the samples were centrifuged

(5000 x g, 10 minutes) and the supernatants (9 mL) were sterile filtered and stored at

-20"C until required for ester analysis.
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4.2.8 Extraction of esfers for analysis

Frozen samples were thawed and 5 mL was placed in a glass vial with 1 mL of

dichloromethane. The vials were shaken vigorously, allowed to stand for 5 minutes before

the solvent phase was removed with a Pasteur pipette and placed in a 1.5 mL glass

chromatography vial with septa and crimp-top seal.

4.2.9 Gas chromatography-flame ionisation detection (GC-FlD) of esfers

Samples were analysed using a method for detection of esters in wine based on that

described previously for identifying wine volatiles (Ortega, et al., 2001). A Hewlett-Packard

HP 6890 gas chromatograph fitted with an HP 7683 injector (Agilent) was fitted with a 60

m DB-wax column (J & W Scientific, 122-7062) with internal diameter of 0.25 mm and

0.25 pm film thickness. lnjection was conducted in the split mode with a column to vent

ratio of 1:30 and the inlet was maintained at 200"C during sample injection (3 pL). Column

flow was 3 ml/minute helium. The oven programme was 40oC for 5 minutes, ramped at

3oC per minute to 120oC, before ramping at 10"C per minute to 200"C and holding at

200"C for 10 minutes. Detection was via an FlD.

Retention times of the five ester standards were determined by analysing each standard

under the same extraction and GC conditions.
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4.3 Results

4.3.1 Changes in concentrations of esters during MLF

All strains of O. oenicompleted MLF (malic acid less than 0.1 g/L) in both wines within two

weeks (data not shown). Table 4.4 shows the results from the ester analysis in both the

Chardonnay (investigating three high esterase strains) and the Cabernet Sauvignon

(investigating three high and three low esterase strains). One of the uninoculated 20'C

samples had to be excluded from the results so the mean of duplicate determinations of a

single sample is shown in Table 4.4. Therefore, statistical analysis of the data was not

possible. The uninoculated control wines indicate esters typically decreased following

storage at20"C for 2 weeks compared to storage at -30"C. One exception was ethyl

lactate, which increased by approximately 30%. ln many instances, the effect of storage

temperature was greater than the effect of conducting MLF. Comparing the ferment

samples with the uninoculated control at 20'C, most esters showed small increases in

concentration as a result of the MLF, and in general these results were dependent upon

both the wine variety and the strain conducting the MLF. ln the Chardonnay, most esters

increased, but most of these increases were small and may not have been significant. ln

the Cabernet Sauvignon, the results were much more varied and changes in

concentration were less frequent than in the Chardonnay.

The most important change during MLF was seen in ethyl lactate, which was produced by

all O. oenistrains during MLF in a strain dependent manner in both the red and the white

wine. ln the Cabernet Sauvignon trial, where high and low esterase strains were being

compared, the three high esterase strains (O.oeni8, O.oeni9, O.oeni12) produced

significantly more ethyl lactate (ca 35 mg/L) than the three low esterase strains (O.oeni2,

O.oeni6, O.oeni16; ca6.2 mg/L). The mean increase in ethyl lactate concentration

produced by the high esterase strains was more than 1O-fold higher than that seen for the

low esterase strains. ln the Chardonnay, the three high esterase strains again increased

the ethyl lactate concentration (by ca 27 mg/L). Such an increase greatly dwarfed the rise

in ethyl lactate concentration that was observed in both the Chardonnay and Cabernet

Sauvignon uninoculated wines stored at 20"C.

The only esters to decrease in concentration with MLF were ethyl butanoate, 3-methyl

butyl acetate, hexyl acetate, and phenylethyl acetate, although these changes were small

and may not have been significant. All of these were in the Cabernet Sauvignon ferments,

and interestingly, all of these decreases are from the high esterase strains.
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All of the short-chained ethyl esters (i.e. ethyl acetate, ethyl butanoate, ethyl hexanoate)

increased in concentration in the Chardonnay, with the exception of ethyl propanoate,

which did not change considerably during MLF in either wine. There were few changes in

concentration of the short-chained ethyl esters in the Cabernet Sauvignon. Ethyl

octanoate showed a decrease in concentration in the uninoculated Cabernet Sauvignon

wine following storage at 20'C, compared to the same wine stored at -30 "C. ln the

Cabernet Sauvignon fermentation samples, ethyl octanoate also decreased but to a

slightly lesser extent for most strains. By contrast, the concentration of the ethyl octanoate

did not decrease in the Chardonnay control wines, although a small increase in

concentration was seen for the strains. Ethyl acetate was unchanged in the Cabernet

Sauvignon following MLF, although the concentration of this ester was increased by all

three strains examined in Chardonnay. Most of the changes mentioned here were small

and may not have been significant.

4.3.2 Ester-synthesis activity of O. oeni

The retention time (by GC-FID) of each ester was determined using standards and these

were found to be (in minutes); ethyl butanoate, 8.9; ethyl hexanoate, 17.6; 2-methylbutyl

acetate, 12.4;3-methylbutyl acetate, 12.5; ethyl hexanoate, 17.6; and hexyl acetate, 19.4.

To confirm the sensitivity of the GC-FID method for detecting the six esters, a 0.02 mM

stock solution of each ester was prepared; this corresponded to 1l100th of the initial

concentration of each alcohol and acid substrate in the reaction mixtures. Ester standards

were detectable by GC-FID when extracted from these standards using the same

dichloromethane method described for analysing the samples. This effectively confirmed

that the dichloromethane extraction method and GC-FlD conditions were sufficiently

sensitive to detect the ester products, had they been present in the samples. However, no

esters were detected in any of the reaction mixtures incubated in the presence of bacteria.

Similarly, no esters were detected in the control samples, which consisted of the same

alcohol and acid substrates incubated under the same conditions in the absence of

bacteria.
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Table 4.4. The concentrations of selected esters prior to and post-MLF as conducted by six strains of O. oeniin a Cabernet Sauvignon wine or three
strains of O. oeniin a Chardonnay wine. Values shown for the uninoculated control were stored at 20'C and are the mean of duplicate determinations
of a single wine by GCMS. Values shown for the post-MLF wines and the uninoculated control stored at -30'C are the mean of duplicate
determinations of duplicate wine samples + standard deviation. The terms in brackets ('high' and 'low') refer to the esterase activity detected in the
initial screen (Chapter 2).

Ghardonnay

O.oeni12
(high)

41 560 r 932

99+4

310 + 10

633 + 29

397 + 10

35+1

120+5

2891 + 112

154+8

29342+ 344

543+8

O.oeni9
(hish)

42049 + 2138

97+5

307 + 11

640 + 28

432+ 20

34+ 1

144+7

2913 I 93

156+7

26566 + 850

553 + 16

O.oeniS
(h¡gh)

42364 + 251

99 + 4.5

311 r 6

633 + 13

419 + 22

35+1

148 + 16

2957 + 79

153+5

26268 + 651

541+2

+20C
Control

38368

95.5

279.0

564.4

377.9

30.5

109.8

2612

137.O

2198

520.6

- 30"c
Gontrol

)9671 + 1152

87+3

286+9

588 + 13

352+26

33+1

109 + 13

2888 r 87

167 + 5

1417 + 153

593r6

Cabernet Sauvignon

O.oeni16
(low)

43923 +812

217 +6

219+5

276 + tO

156 + 20

50+2

166 + 10.3

2159 !64

27 +2

6113+258

271 + 29

O.oeni6
(low)

44712 + 412

221+4

223+ 5

269 + 20

159 + 38

5l+1

168 + 8

2188 + 68

26+2

6530 r 209

265 + 32

O.oeni2
(low)

15182 1 1035

226+ 4

223 13

266 r 19

149 +32

51 + 1

166 + 10

2179 + 58

26+3

5895 + 91

264 !33

O.oenil2
(hish)

44888 r 883

221 + 12

215!5

244 + 16

128 + 23

50+1

168 + 3

2059 + 36

23r1

t1731 + 1111

229 18

O.oeni9
(high)

44153 + 870

219.2 + 6.5

213+ 3.7

237.7 + 16.8

108.7 + 13.6

49.1 + 0.7

166.3 + 1 0.9

2027 + 56

21.5 + 2.2

39403 + 646

209.7 122.9

O.oeniS
(hish)

44537 + 109

221+4

215+5

247+9

134 + 13

50 12

161 r l1

2089 + 48

24+ 1

33163 + 261

237 r3

+ 20oC
Control

44442

231

221

258

r03

51

160

2175

27

2751

249

- 30"c
Control

45142 !
1 035

234 + 10.5

241+8

354 r.11

231 ! 11

55+2

198+4

2585 + I 09

40+1

2093 + 125

328+1

Ester (Ug/L)

ethyl acetate

ethyl propanoate

ethyl butanoate

ethyl hexanoate

ethyl octanoate

2-methylpropyl
acetate
2-methylbutyl
acetate
3-methylbutyl
acetate

hexyl acetate

ethyl lactate

phenylethyl acetate



4.4 Discussion

ln this study, malolactic fermentation trials were conducted to determine whether LAB

were able to act on wine esters per se in the wine environment. The emphasis of the initial

screen and the biochemical characterisation was on the hydrolysis of esters. lt is therefore

interesting that the most significant change in the concentration of an individual ester

following MLF was seen for ethyl lactate and was in fact an increase (>1O-fold increase for

the high-esterase strains in both wines). A production of ethyl lactate during MLF in wine

has been reported previously (Zeeman, et al., 1982; Bertrand, et al., 1984; de Revel, et

al., 1999; Maicas, etal., 1999; Gambaro, eta1.,2001; du Plessis, eta|.,2002; Uglianoand

Moio, 2005). This ester contributes a broader, fuller taste to wine (Dittrich, 1987 (cited in

(Bartowsky and Henschke, 1995)) and is positively correlated with quality in red Bordeaux

wines (Webb, et al., 1963). Aroma descriptors of ethyl lactate include 'strawberry' (Salo,

1970), 'raspberry', and 'lactate' (Vilanova and Martinez,2007).

It has been suggested previously that the production of ethyl lactate during MLF is

coupled to the production of lactic acid (Maicas, et al., 1999; Ugliano and Moio, 2005). ln

some studies, low ethyl lactate concentrations observed in particular wine samples have

been attributed to incomplete MLF resulting in lower lactic acid concentrations in those

wines (de Revel, et al., 1999; Ugliano and Moio, 2005). However, the results of the current

study do not support this theory. The concentration of malic acid in the Cabernet

Sauvignon fermentations (initially 2.3 glL) was reduced to < 0.1 g/L by all six of the O.

oenl strains. However, there were large differences in the final ethyl lactate concentration

among the wine samples. lnterestingly, the three 'high' esterase strains produced more

ethyl lactate than the 'low' strains. ln addition, the three high-esterase strains produced

comparable quantities of ethyl lactate in both the Cabernet Sauvignon (mean increase of

32 mg/L) and Chardonnay (mean increase of 25 mg/L) wines. lf the production of ethyl

lactate is directly related to the production of lactic acid (r.e. degradation of malic acid),

such large differences in final ethyl lactate concentration are unexpected. These results

instead suggest ethyl lactate synthesis may not be dependent upon available lactic acid

alone. Rather, it appears to be a strain-specific characteristic that needs to be considered

when selecting a strain of O. oenito conduct MLF in wine.

Contrary to the findings from our biochemical characterisation using artificial substrates,

results from the MLF trials revealed few short-chained esters decreased significantly

during MLF. Ethyl acetate concentration did not decrease in any of the Cabernet

Sauvignon fermentations. ln all of the Chardonnay fermentations, ethyl acetate increased,

but remained well below the spoilage threshold of 200 mg/L. Ethyl acetate concentration
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has been reported to both increase (de Revel, et al., 1999; Maicas, et al., 1999; Delaquis,

et al., 2000) and decrease (du Plessis, et al., 2002) during MLF. The fate of this ester

therefore appears to be highly dependent upon the strain conducting MLF, an observation

that has been made previously (Delaquis, et al., 2000) and is clearly indicated in Table

4.1. lncreases in othershort-chained ethyl esters have been reported, including ethyl

butanoate (Ugliano and Moio, 2005) and ethyl hexanoate (Avedovech, et al., 1992;

Maicas, et al., 1999; Ugliano and Moio, 2005). ln the current study, both ethyl butanoate

and ethyl hexanoate increased during MLF in the Chardonnay samples, but appears to

have been unchanged in the Cabernet Sauvignon fermentations for all strains.

While this work has shown O. oenican both hydrolyse and synthesise wine esters during

MLF, sensory analysis was not conducted on the ferments to determine if the changes

had a perceivable effect on wine flavour. Reports from earlier studies that have compared

different strains of LAB in wine are conflicting. As an example, in a comparison of five LAB

strains, significant differences in wine aroma were reported (Mc Daniel, et al., 1987), but

the opposite was reported in another study in which two malolactic strains were compared

(Beelman, et al., 1977). The results from the current trials certainly show there are

differences in some esters among the ferments, but it cannot be determined whether

these would translate into significant flavour differences.

The aroma threshold of ethyl lactate has previously been reported to be 14 mg/L

(determined in ethanol solution) (Salo, 1970). However, this ester was detectable in

Canadian ice wine at concentrations as low as 2.4 mg/L, and described as 'floral' and

'estery' (Cliff, et al.,2OO2).ln the current study, the concentration of ethyl lactate prior to

MLF was < 3 mg/L for both the Cabernet Sauvignon and Chardonnay wines, which was

possibly below aroma threshold. The increase produced by the three high esterase strains

(O.oeni8, O.oeni9, O.oenil 2) to ca 35 mg/L in both wines was likely to have brought ethyl

lactate above its aroma threshold. Although small increases in ethyl acetate were seen in

the Chardonnay ferments, all had concentrations close to 42 mglL after MLF, which is well

below the 200 mg/L level believed to cause ester taint in wine (Dittrich, 1983; Margalit,

1997).lnteresting work remains to be done to determine if the esterases of O. oenicause

significant flavour changes in wine.

The MLF trials indicate O. oeniis capable of synthesising esters in wine. lt is therefore

unexpected that no esters were produced by O. oeniin the synthesis trial, particularly

given the same esters were produced during MLF in Chardonnay. These results indicate

that while O. oenican synthesise esters in wine, esterification may not be the mechanism
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involved. Rather, esters may be produced by one or more type of interesterification

reaction (Figure 4.1). A group in the dairy industry have recently reported some dairy LAB,

namely Streptococcus and Lactococcus species, can produce greater amounts of esters

by alcoholysis, than by esterification (Liu, et al., 2003 and 2004a).

While the results suggest O. oenimay not be able to produce esters via esterification, it

still cannot be ruled out based on the work conducted here. lt is possible that the negative

result is simply due to inappropriate experimental conditions. For example, the buffer pH

or incubation temperature may have been unsuitable for the esterase enzymes to

function. Metal ion cofactors are required for some enzymes to function, so it is possible

an essential cofactor requirement of the enzymes was not met in the reaction mixture.

Based on the suggestion that ethanol concentration determines the formation of ethyl

esters in some dairy products (Liu, et al., 2004b), different substrate concentrations would

need to be considered as well. Also, low moisture content was found to be important in

the formation of ethyl esters by LAB in a model Parmesan cheese study (Fenster, et al.,

2003c). This parameter might therefore be of interest even though wine is an aqueous

environment. Clearly more work is required to define and characterise the mechanism by

which O. oenisynthesises esters.

95



4.5 Gonclusions

ln an earlier study using artificial ester substrates, six strains of O. oeniwere classified as

having either high or low esterase activity. To explore the effect that these strains have on

wine esters, they were inoculated into wine and the concentrations of 11 important esters

were determined before and after MLF was conducted. lnterestingly, very few strains

caused a significant decrease in ester concentration beyond the effect of incubating the

wines at 20'C for two weeks. lnstead, a number of esters were produced by the strains, in

particular in the Chardonnay wine where only the three high-esterase strains were

examined.

All six strains produced significant quantities of ethyl lactate and in terms of the magnitude

of concentration change, this was unquestionably the most important ester change. More

than 1O-fold more ethyl lactate was produced by the three high-esterase strains in the

Cabernet Sauvignon than the three low-esterase strains. This result reveals there are

differences in the ester-synthesising abilities of O. oenistrains. Furthermore, the

concentration of available lactic acid present in a wine does not appear to determine the

amount of ethyl lactate produced by O. oeni, which is contrary to what has been

suggested previously (de Revel, et al., 1999; Maicas, et al., 1999; Ugliano and Moio,

2005).

Changes in other esters were observed, but many of these were not different to the

uninoculated wine. Various short- and medium-chained ethyl esters were produced in

Chardonnay. The increases seen for these esters is unexpected given that short-chained

esters were the preferred substrates for hydrolysis by the same strains in the biochemical

characterisation. ln general, the fate of esters was heavily dependent upon the strain of O

oeni conducting the MLF. ln addition, the wine itself was important in determining final

ester concentration.

A preliminary ester-synthesis trial was conducted to explore the ability of O. oenito

produce wine esters, which is particularly important in light of the MLF trial results. The

three high-esterase strains were incubated with alcohol and acid substrate pairs, but none

of the O. oenistrains were capable of synthesising ester by esterification under these

conditions. lt is possible that another mechanism for producing esters is utilised by O.

oeni, such as alcoholysis, which has been reported in dairy LAB isolates previously (Liu,

et al., 2003 and 2004a). Further investigation, outside the scope of this study, is required

to determine the mechanism by which O. oeniproduces esters in wine and to characterise

the activity.
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CHAPTER 5

MOLECULAR CHARACTERISATION OF PUTATIVE ESTERASE ENZYMES OF
o. oENt

5.1 lntroduction

Lipolytic enzymes are a large group of enzymes that hydrolyse ester bonds. There are two

types of lipolytic enzymes - esterases and lipases. Both esterases and lipases are found

throughout all kingdoms and they have been isolated from a range of organisms, including

plants (e.9. Brick, et al., 1995), animals (e.9. Trapani, et al., 1988), yeast (e.9. Degrassi, et

al., 1999), and relevantly, bacteria (e.9. Kanaya, et al., 1998).

Within the lipolytic enzyme group, the distinction between esterases and lipases remains

unclear. Traditionally, classification was based on the nature of the target substrate;

lipases are active towards insoluble substrates, while esterases are active towards water-

soluble substrates (Fojan, et al., 2000). Subsequent work on the physical nature of

lipolytic proteins has lead to the suggestion that a more accurate distinction would be

based on physical characteristics. ln particular, the presence of a 'movable lid'that covers

the active site until an insoluble substrate is present and interfacial activation occurs

classifies a protein as a lipase (Nardiniand Dijkstra, 1999). Flaws in this system have

been highlighted by the number of enzymes to which this definition does not apply. For

example, proteins which possess a lid, but lack interfacial activation, such as a Candida

antarctica lipase (Uppenberg, et al., 1994). Conversely, there are enzymes, such as a

cholesterol esterase, which lack a true lid, but can act on lipids (Nardini and Dijkstra,

1999). A more general definition, that lipases are merely esterases with the ability to act

on long-chain acylglycerols, is the perhaps the most appropriate, at least until further work

is carried out in this area (Verger, 1997).

The extent of research into lipolytic enzymes in recent years has been driven by the

numerous and varied way these enzymes contribute to industry. Examples of current

applications include the synthesis of chiral drugs (Quax and Broekhuizen, 1994; Shen, et

a\.,2002), the biodegradation of polymers (Howard, 2002), and the degradation of toxic

organophosphorus agents (Jokanovic,2001; Sogorb, et al., 2004). One of the focuses of

such research has been the investigation of the molecular and structural characteristics of

the lipolytic enzymes systems of various organisms.
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Crystallographic studies have revealed that one feature common to all lipolytic enzymes is

the o/B hydrolase fold. This structure is found across a range of hydrolytic enzymes that

differ not only in catalytic function, but also in amino acid sequence. Such hydrolytic

groups include proteases, peroxidases, dehalogenases, and importantly, esterases and

lipases (Ollis, et al., 1997; Nardini and Dijkstra, 1999). This tertiary structure is comprised

of several B-sheets connected by o-helices (Holmquist, 2000). Many enzymes which

possess the o/B hydrolase fold catalyse via a nucleophile-histidine-acid triad (Ollis, et al.,

1997). ln esterases and lipases, the catalytic triad usually takes the form of Ser-His-Asp

(Anthonsen, et al., 1995). Exceptions to this include a Streptomyces scabres esterase

with a dyad Ser-His active site (Wei, et al., 1995), and the Ser-His-Glu catalytic site of the

fungal Geotrichum candidum lipolytic enzymes (Schrag, et al., 1991). The histidine

residue is absolutely conserved in all enzymes containing the o/B hydrolase fold (Nardini

and Dijkstra, 1999).

The serine residue of the catalytic triad (referred to here as the 'catalytic serine') is at the

centre of another well-conserved motif in lipolytic enzymes; the pentapeptide nucleophilic

elbow ('nucleophilic elbow'), typically Gly-Xaa-Ser-Xaa-Gly. lnterestingly, the same

sequence also surrounds the catalytic serine in other o/B hydrolases, of particular note the

serine proteinases (Brenner, 1988). One group of bacterial lipolytic enzymes that is an

exception is the Family ll group which instead have the catalytic serine in a conserved

quadrapeptide, commonly Gly-Asp-Ser-Leu (Arpigny and Jaeger, 1999). Other exceptions

include a C. antarcfica lipase in which a threonine substitutes the first glycine (Uppenberg,

et al., 1994), and lipases from a range of organisms, including Saccharomyces cerevisiae

and several Bacillus species, in which the first glycine is replaced by an alanine (Dartois,

etal., 1992; Kim, etal., 1998; van Heusden, etal., 1998; Cho, eta|.,2000). Relevantly,

another exception is EstA from Lactobacillus helveticus which is unique in that it does not

possess any of the characteristic nucleophilic elbow motifs found in other lipolytic

enzymes (Fenster, et al., 2000). Site-directed mutagenesis experiments with EstA suggest

the motif is instead Gly-Asp-Ser-lle and is located ten residues from the N-terminus.

The nucleophilic elbow also contains one of two amino acids that together form the

oxyanion hole found in lipolytic enzymes. The role of the oxyanion hole residues is to

donate their backbone amide protons to stabilize the substrate in the transition state

(Pleiss, et al., 2000). The C-terminus neighbour of the catalytic serine is one such residue

(Pleiss, et al., 2000), while the second is the C-terminus neighbour of a conserved glycine

located close to the Nterminus. This second oxyanion hole residue is in a less-conserved
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sequence than the nucleophilic elbow residue, although often it will be in a GX or GGGX

motif where X is the oxyanion hole residue (Pleiss, et al., 2000).

A possible mechanism of action of lipolytic enzymes that highlights the roles of the

oxyanion hole and the catalytic triad during catalysis is presented in Figure 5.1. This four-

step mechanism has been adapted from that described for bacterial lipases and other oiB

hydrolase fold enzymes (Jaeger, et al., 1999)and was created using WINPLT Drawing

Chemical Structures Version 7.1 (Reich, 2001).
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activated carbonyl carþon of the ester substrate. This results in the formation of the
'transient tetrahedral intermediate'.
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The transient tetrahedral intermediate consists of a negative charge on the carbonyl
oxygen atom of the ester bond and a tetrahedron of four atoms attached to the carbonyl
carbon. The tetrahedral intermediate is stabilised by the two NH groups of the oxyanion
hole residues. The hydroxyl group of the catalytic serine donates a proton to the catalytic
histidine which in return enhances the nucleophilicity of the catalytic serine. The role of the
catalytic aspartic acid is to facilitate this proton transfer by orientating the imidazole ring of
the catalytic histidine correctly.

Figure 5.1. Possible reaction mechanism of lipolytic enzymes (adapted from Jaeger, et al.,
leee).
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The donated proton is subsequently donated to the ester oxygen which itself is then
cleaved. At this point, the acid component of the ester substrate becomes esterif¡ed to the
catalytic serine (forming the 'covalent intermediate') and the alcohol component of the
substrate is freed. The catalytic histidine activates a water molecule by taking a proton
from it (purple).
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The OH- of the activated water molecule attacks the carbonyl carbon of the acid
component attached to the catalytic serine. The catalytic histidine donates a proton to the
oxygen atom of the catalytic serine and the acid component of the ester substrate is
released. The enzyme is now ready to catalyse another reaction.

Figure 5.1 (continued). Possible reaction mechanism of lipolytic enzymes (adapted from
Jaeger, et al., 1999).
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There are now systems that attempt to categorise lipolytic enzymes based on their

molecular and structural properties. The online Lipase Engineering Database (LED)

categorises lipases, esterases, and other related proteins based on sequence, structure,

and function (Pleiss, et al., 2000). Enzymes are primarily divided into three classes based

on the sequence surrounding the oxyanion hole residue close to the N-terminal; GX,

GGGX, and Y. Other molecular-based classification systems include the online

Carbohydrate Active Enzyme (CMy) database specific for carbohydrate-specific

esterases (Coutinho and Henrissat, 1999) and the online ESTHER database which

categorises enzymes of the superfamily of oiB hydrolases homologous to cholinesterases

(Hotelier, et al., 2004).

Perhaps the most appropriate system for classifying the lipolytic enzymes of LAB is that

proposed specifically for bacteria. Based on the results of an examination of the amino

acid sequences and biological properties of 53 bacterial lipolytic enzymes, Arpigny and

Jaeger (1999) proposed an extensive, updated system for classifying bacterial esterases

and lipases. The system divides enzymes into eight families and six subfamilies and

enables important structural features, such as active site residues and secretion

mechanisms, to be readily predicted for newly-sequenced bacterial esterases and lipases.

Esterases and lipases of different families lack significant sequence similarity.

ln the dairy industry, esterases play an important role in flavour development of various

products, in particular, cheese. As a result, data pertaining to the biochemical

characteristics of LAB, in particular dairy LAB, lipolytic enzymes are abundant and have

been discussed previously (Chapter 3). A number of lipolytic genes from dairy LAB have

been sequenced and cloned, enabling heterologous expression and subsequent

characterisation of the proteins. The esf,4 gene from Lactococcus /acfis was cloned and

heterologously expressed in Escherichia coll (Fernandez, et al., 2000). Similarly, the esfÁ

gene from Lb. helveticus was also cloned, but sequencing has revealed an entirely

different enzyme to that reported for EstA in Lc. lactis (Fenster, et al., 2000). From

Lactobacillus casel, the esf/ (Choi, et al., 2004), esúB (Fenster, et al.,2003b), and esfC

(Fenster, et al., 2003a) genes have been sequenced and cloned. This information will be

valuable in studying the lipolytic enzyme systems of wine LAB and can be used to identify

putative esterase genes in Oenococcus oeni.

This chapter describes a preliminary characterisation of putative esterases identified in O.

oeni. Published sequences of LAB esterases have been used to identify three putative

esterase genes in O. oeniand nucleotide sequencing has confirmed the sequence of the

102



open reading frame (ORF) of each gene. By comparing the deduced protein sequences

with those in the literature, important esterase motifs have been identified in all three of

the O. oeni esterases. Finally, a range of predictive tools were used to further describe the

putative enzymes.
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5.2 Preliminary Work - ldentification of Putative Esterase Sequences in O. oeni

Genome sequencing was recently completed for O. oeni PSU-1, a strain commonly used

for conducting MLF in commercial winemaking. This work was a collaboration between

several laboratories. The sequence has now been published (Makarova, et al., 2006), is

on the GenBank database (Accession no. CP000411), and is available online at the Joint

Genome lnstitute (JGl) website (www.jgi-psf.org/draft_microbes/oenoe/oenoe.home).

Other LAB for which genome sequencing has been completed and published through the

same collaborative group include Lc. lactis, Pediococcus penfosaceus, Leuconosfoc

mesenteroides, Lactobacillus brevis, Lactobacillus delbrueckii, Lactobacl/us gasseriand

Lb. casei.lndependently, other LAB have been or are in the process of being sequenced,

including Lactobacillus plantarum (Kleerebezem, et a|.,2003) and Lactobacillus sakei

(Chaillou, et al., 2005). According to the NCBI Entrez Genome Project database, a second

strain of O. oeniis currently being sequenced for comparative genomic analysis through

Laboratorie de Microbiologie de Universite de Bourgogne.

Putative esterase genes were identified in O. oeniPSU-1 by alignment with published

esterase protein sequences from other LAB. The details of the published esterases are

shown in Table 5.1.

Table 5.1. Published esterase sequences used to identify putative esterases in O. oeni

An online tool (wr,vr,v.ncbi.nlm.nih.gov/gorf/gorf) was used to locate putative ORFs in O.

oeni (Table 5.2)for each of the genes listed above (Table 5.1).

Esterase Organism
Amino
acids

Nucleophilic
elbow motif

Accession
no. Reference

EstA
Lc. lactis subsp
lactis

258 GLSMG A.F157484
(Fernandez, et

a|.,2000)

EstB Lb. casel LILA 318 GDSAG A.F494421
(Fenster, et
a|.,2003b)

EstG Lö. casei LILA 259 GGSLG 4F506279
(Fenster, et
a|.,2003a)

Estl Lb. casei CL96 599 GHSMG 4Y251019
(Choi, et al.,

2004)

EstA Lb. helveticus
CNRZ32

186 GASI AF136284
(Fenster, et
al., 2000)
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Table 5.2. Characteristics of the putative esterases and the corresponding ORF of O. oeni.

Putative
esterase

o/o

ldentity
offo

Positive
Amino
acids

Putative
nucleophilic

elbow

ORF
(bases) Strand

EstA2 51 68 264 GLSMG 795

EstAT 53 70 267 GMSMG 804

EstB28 31 49 303 GDSAG 912

% ldentity, same amino acid encoded; o/o Positive, same amino acid or conservative
amino acid encoded.

Two different and separate regions showing homology to EstA of Lc. /acfis (Fernandez, et

al., 2000) were identified in O. oeni(Table 5.2). The coding sequences for these were

designated Scaffold 2 and Scaffold 7 in the draft sequence of the O. oeni genome, and

thus the putative esterase genes will be referred to here as esfA2 and estA7. Similarly, an

ORF located within Scaffold 28 was identified using the EstB from Lb. casei(Fenster, et

al., 2003b) and will be referred to as esfB28. Putative nucleophilic elbows were identified

in all three sequences, further suggesting the proteins were esterases. The % identity for

EstB28 was low (31%) compared to EstA2 (51%) and EstAT (53%), but because the

GDSAG motif commonly found in a particular group of esterases was present, this region

warranted further investigation.

The BLAST results also revealed a translation product (designated EstCS) similar to EstC

from Lö. casei (Fenster, et al., 2003a) in which a nucleophilic elbow (in this case GGSLG)

was conserved (data not shown). The corresponding ORF in O. oenihowever contained a

termination codon 30 nucleotides upstream of the region coding the motif. lnitially the

termination codon was suspected to be due to an error in the sequencing of the O. oeni

genome, given that at the time the sequence was a draft assembly. However, subsequent

PCR and nucleotide sequencing of the ORF revealed the stop codon was also present in

the O. oeni strain used in this work and esfCS was not investigated further. No translation

products were found to be homologous to either Estl from Lb. caseiCL96 or EstA from Lb.

helveticus CNRZ32.
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5.3 Materials and Methods

5.3.1 Bacterialsfrarns

PCR and DNA sequencing was conducted using O.oeni9 (CHR Hansen Viniflora oenos)

This strain was chosen based on it having high esterase activity in the initial screen,

biochemical characterisation and MLF trials in wine. The bacterium was stored in

cryopreservative-treated beads at -80"C until required. Precultures were grown from the

stock beads in MRS+AJ broth as described previously.

5.3.2 lsolation of genomic DNA

When required for genomic DNA isolation, O. oeniwas grown from precultures as

described earlier in MRS+AJ broth for 40 hours at 26'C. Genomic DNA was isolated using

UltraCleanrM Microbial DNA lsolation Kit (MoBio Laboratories lnc.) according to the

manufacturers instructions. Purified DNA was stored at -30'C until required.

5.3.3 Primer design and PCR Conditions

Primers targeting the ORF of each of the four putative esterase genes were designed

based on the draft O. oeni genome sequence (Makarova, et al., 2006). Primers were

purchased from Sigma Genosys Australia and the details of these are shown in Table 5.3

Restriction enzyme sites (underlined) were included in each primer to enable directional

cloning to be conducted later using these PCR products. The GCAGC sequence (in

italics) was incorporated into each forward primer immediately adjacent to the first amino

acid residue to code for the thrombin cleavage site in the resulting peptide. The start

codon and termination codon for each open reading frame are shown (in bold) in each

fonruard and reverse primer respectively.

PCR reactions of 50 pL were conducted for each of the putative esterase ORF in 0.2 mL

PCR Eppendorf tubes as shown in Table 5.4. DyNAzymet" EXT DNA Polymerase, Mg'*-

free DyNAzymett EXT Buffer and MgClz-solution were obtained from Finnzymes.

Deoxynucleotides were purchased from Sigma as 10 mM stocks of each nucleotide.

Using the programme shown in Table 5.5, PCR was conducted in an Eppendorf

Mastercycler Grad ient.
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Gene Primers used for PGR
Restriction

site

estA2 Forward : CGGGCCCGGGGCAGCATGGCTTTTTTACMATAAATTATCATTC
Reverse: CGGCGCGGGATCCTTATGATAGACGTTCTTCTTTAATATAATC

Smal
BamHl

estAT
Fonryard : GGCGCCCGGGGCA GCATGGCATTTTTAGAAGTTAATTATTATTC
Reverse: GCGGCGGATCCCTATGACMACGTTTTTCTGC

Smal
BamHl

estB28 Fon¡vard : GGCGGCCCCGGGGCA GCATGTCAGAAATAGTTTTAAA
Reverse : CGGCCGAGCTCTCATTCTACTGATCTGTTAGAAC

Smal
Sacl

Table 5.3. The primers used to amplify the ORFs of three putative esterase genes in
O. oenifor sequencing.

Table 5.4. Details of the PCR reaction conditions for amplifying the ORF of three putative
esterase genes in O. oeni.

Gomponent
Goncentration in

PGR reaction

Genomic DNA from O. oeni 200-400 ng

Deoxynucleotides 200 pM each

Foruvard primer 0.5 pM

Reverse primer 0.5 pM

DyNAzymerM EXT DNA Polymerase 1.5 U

10x DyNAzymerM EXT Buffer 1x

MgGlz

estA2 2.5 mM

estAT 2.0 mM

estB28 1.5 mM
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Table 5.5. PCR conditions used to amplify three putative esterase ORFs lrom O. oeni

Program
Temperature

('c) Time

lnitial denaturation 94 2 minutes

Denaturation 94 30 seconds

Annealing

estA2 59.6

30 secondsesf/-T 60.2

estB28 51.7

Extension 72 1 minute

Repeated for 30 cycles

Final renaturation 72 10 minutes

End of cycle 4 Hold

5.3.4 DNA electrophoresrs

PCR products were purified by electrophoresis in a TAE gel (2 7o agarose, Appendix 1)

and ethidium bromide staining, using the method described by Sambrook and Russell

(2001). Subsequent recovery of the DNA from the gel was achieved using Qiaquick Gel

Extraction Kit (Qiagen), following the manufacturers instructions.

5.3.5 Nucleotide sequencing

To sequence the entire length of the PCR products, overlapping fonruard and reverse

primers were designed to anneal close to the middle of each putative ORF (Table 5.6).

The primers were again based on the draft O. oeni genome sequence. Using the purified

PCR products as DNA template, sequencing reactions were conducted following the ABI

Big Dye method. Sequencing reaction conditions are shown in Table 5.7.
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Gene Primers used for sequencing

estA2 Forward : CGGATTATGGCCTAAACTATTTC
Reverse: GCCATTTCAAACATTTGTGG

estAT Forward : CGGTATGAATTATTTCGATGC
Reverse : GCGCTTTGCTAGTTCGAA

estB28 Forward : GCCTGATCATCCCTATCCAG
Reverse : GGCATGCTTTCCGGATCAGC

Table 5.6. Primers used to sequence PCR products

Table 5.7. Nucleotide sequencing reaction conditions.

Program
Temperature

("c) Time

lnitial denaturation 94 1 minute

Denaturation 96 10 seconds

Annealing 50 5 seconds

Extension 60 4 minute

Repeated lor 25 cycles

End of cycle 4 Hold

Sequencing reaction products were precipitated in 60% propan-2-olfor 15 minutes at

room temperature. Precipitated DNA was pelleted by centrifugation (20,000 x 9,20

minutes), washed with75% propan-2-ol, pelleted by centrifugation (20,000 x g, 5 minutes)

and air dried for 30 minutes at room temperature. Nucleotide analysis was then conducted

by the sequencing facility at the lnstitute of Medical and Veterinary Science (Adelaide).

Genomic DNA isolation from O. oeni, PCR amplification of the putative ORFs, and

subsequent nucleotide analysis was conducted in triplicate. Nucleotide sequencing results

were analysed using Chromas Lite Version 2.01 (www.technelysium.com.au).
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5.4 Results and Discussion

Nucleotide sequencing of the ORFs of three putative esterase genes identified in O. oeni

was conducted in triplicate. A consensus sequence for each ORF was aligned with the O.

oenl PSU-1 genome sequence using the BLAST tool available at the JGI website (Figures

5.2 - 5.4). Results indicate that while there is no change in either estA2 or esfÁ7, two

nucleotides are differentin estB27. Given that a different strain of O. oeniis being used in

this study, nucleotide differences are not unexpected. Translations of the ORFs and

subsequent alignment with those from O. oenl PSU-1 are shown in Figures 5.5 to 5.7.

To identify organisms producing similar proteins, the deduced amino acid sequences of

EstA2, EstAT and EstB28 were entered into the protein-protein BLAST (blastp)

programme available on the National Center for Biotechnology lnformation (NCBI) website

(www. ncbi.nlm.nih.gov/BLAST) with the default settings. Using the results of the blastp

searches, a multiple sequence alignment of those sequences found to have the highest

homology to EstA2, EstAT and EstB28 was obtained using the ClustalW programme

(BioManager, Angis). Subsequent formatting of the alignments was conducted using

Genedoc Version 2.6.003 (www.psc.edu/biomed/genedoc) (Nicholas and Nicholas, 1997).

Due to EstA2 and EstAT having similar sequences, both are presented in a single

alignment (Figure 5.8). ln cases where more than one strain of an organism was identified

by blastp, only the strain with the highest homology was included in the alignment.

Although protein sequences of O. oeniPSU-1 were identified as being the most

homologous to EstA2, EstAT and EstB28, the sequences were not included in the

alignment because they have been shown in Figures 5.5 - 5.7.
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Figure 5.2. Nucleotide sequence alignment of putative esterase estA2 ORF and published
sequence ol O. oeniPSU-1 from JGl. Areas of homology are shown in green.
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Figure 5.3. Nucleotide sequence alignment of putative esterase estA7 ORF and published
sequence of O. oeniPSU-1 from JGl. Areas of homology are shown in green.
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||||||||||||||||||||||||||||||
tattttggcaaaaatgctttggaaaaatggggacaacaactacggacggaggagtatctg

acaaaagattttccaccagtttatattgtcactgctgtagacgatttcttaaaacatcag

tcActccaattggcagaaaaacttaaaaaggtcggcgttaatgttcaacaacgggtattt

||rllrrrtt||t||||||||||ll||||||t
ggcgatgaccagcatccaagagggcatgatttccaacttgatcaaagagatgaattggca

||||||||||||||||||||||||||||||
aaagaatgcaatgatcttgaagccgattttttccgcaacatttatgaaagttctaacaga

9r2
||||||
tcagtagaatga 7492995

Figure 5.4. Nucleotide sequence alignment of putative esterase estB2? ORF and published
sequence of O. oeniPSU-1 from JGl. Homology (green) and differences (red) are shown.
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EstÀ2: 1 60
conSEnsUS : MAFLQINYHSHVLGKATMMNVILPELDTNNNNNKRRDIPVLY],LHGMGDDLFSWQRETNT
PSU-1:' I4'154'76 MÀFLQINYHSHVLGKATMMNVTLPEIDTNNNNNKRRDIPVLYILHGMGDDLFSVüORETNI
t4'7529'7

EstA2: 6l- 1,20
consensuS : ERLLMKNNLAWMPDTGLGViYTNTDYGLNYFDÀLTAELFQKVAFMFPEI SQKREKHFVAG
PSU-1 .. I4'7 5296 ERLLMKNNLAWMPDTGLGVÙYTNTDYGLNYFDALTAELFQKVAFMFPEISQKREKHFVÀG
r4'75!r'7

EsLA2:, L21
consensus:

180
L SMGGYGAFKLAMS T DYFS YA.AS LS GALMHDFNFPQMFEMAPKKYWQGVFGDLDKWGS K

PSU-1: 14?5116 LSMGGYGAFK],AMSTDYFSYAASLSGALMHDFNFPQMFEMAPKKYWQGVFGDLDKWGSK
r4'7 493'7

EstA2: 181 240
consensus: ND],FALAKKQSEGKAEIPKLFAWIGLEDSLYPANQFAIPTFRKFGYEVNYQTSHGRHEIIüY
PSU-1 : T4.7 4936 NDLFAIAKKQSEGKAELPKLFAWTGLEDSLYPANQFAIPTFRKFGYEVNYQTSHGRHEII{Y
t4'7 4'7 5'7

EsLA2z 24t 264
consensus: YWNKQTEKVLEWLPIDYIKEERLS
PSU-1 :, t4'7 4'756 YWNKOIEKVLEWLPIDYIKEERLS 1474685

Figure 5.5. Alignment of the EstA2 putative esterase from O.oeni9 with the published
gene product sequence of O. oeni PSU-1 from JGl. Middle row represents the consensus
sequence and areas of homology are highlighted in green.

EstAT: 1

consensus:
PsU-1: 616513
67 6692

EstAT: 61
consensus:
PSU-1 : 6'1 6693
6'7 6812

EstAT: 121
consensus:
PSU-1 z 6'7 68'7 3

6'7'7 052

EstAT: 181
consensus:
PSU-1: 677053
6'7'7232

EsEAl:, 24I
consensus:
PSU-12 6'7'7233

MAFLEVNYY SRVLGMNRVMNVLL PEES DHNPNWTNDS LKDL PVLYLLHGMS GNHFDVTQRK

MAFLEVNYY SRVLGMNRVMNVLL PEES DHNPNWTNDS LKDL PVLYL],HGMS GNHFDVüQRK

S DT ERLLRQTKLAVIMPAADLAWYTNT DYGMNYFDAI SQE], PRKVAS LF PQ I S TKRKKHF
S DT ERLLRQTKLAVIMPAADLAWYTNT DYGMNYFDAT SQELPRKVAS LF PQ I S TKRKKHF

VAGMSMGGYGAFKLAFS S SYFSYAASLSGTL I S SLNYPGFLDMEKQAYWKG I FGDLDKFS
VAGMSMGGYGAFKLAFS SSYFSYAASLSGT], I S SLNYPGFLDMEKQAYVÙKG] FGDLDKFS

GSKND I FELAKRQ SNTG I ELPKIYAVÍVGQQDFFYG^ANEKAT PR],RKMGYDVSYETNPGDH
GSKND I FEIAKRQ SNTG ] E LPKI,YAI/IVGQQDFFYGÀNEKAI PRIRKMGYDVSYETNPGDH

26'7
EI/f YYW SKY I EN I L QWLP INYQAE KRL S

EWYYWSKYI EN ILQWLPINYQAEKRLS 6'7'I 31 3

60

t20

180

240

Figure 5.6. Alignment of the EstAT putative esterase from O.oeni9 with the published
gene product sequence of O. oeni PSU-1 from JGl. Middle row represents the consensus
sequence and areas of homology are highlighted in green.
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EstB28: 1 60
consensus: MSEIVLKK]EKFKOEVÙGKADAKRDEGLSTSPKGIKRYDNLSYGPHGKDNLFDIY],PEDHD
PSU-]-.. T493906 MSE]VLKKTEKFKQEWGKADAKRDEGLSTSPKGIKRYDNLSYGPHGKDNIFDIY],PEDHD
r493'72'7

EstB28: 61 1,20
consensus: LPTPMLISIHGGGFFYGNKEGYQFYCLGMAQRGFGVINFNY ],APDHPYPAALEDVNEMM
PSU-1: T493.726 LPIPMLISIHGGGFFYGNKEGYQFYCLGMA,QRGFGVINFNYHLAPDHPYPAALEDVNEMM
!49354'7

EstB23: L2t
consensus:

180
NWLGNHVRDYGLDPQSVF\¡VGDSAGGQLAEQYLT I ISNPDFKKLFDYNS PKLRI LAT GLN

PSU-1 z 1.493546 NWLGNHVRDYGLDPQSVFWGDSAGGQLAEQYLTIISNPDFKKLFDYNSPKLRILATGLN
r49336'7

EstB28: 181 240
consensus : SALSCLADPESMPEDSEVEAYFGKNALEKWGQQLRTEEY],TKDFPPVYIVTAVDDF],KHQ
PS U- 1 : 1 4 9 3 3 6 6 SALSCLADPE SMPEDSEVEAYFGKNAIEKWGQQLRTEEYTTKDFP PVYIVTAVDDFT,KHQ
1,493r8'7

EsLB29: 241
consensus:

300
SLQLAEKLKKVGVNVQQRVF DDQHPRGHDFQLDQRDELAKECNDLEADFFRNTYES SNR

PSU-1: 1493186 SLQLAEKLKKVGVNVQQRVFGDDQHPRGHDFQLDQRDELAKECNDLEADFFRNIYESSNR
l_4 93 00 7

EstB28: 301 l :OS
consensus: SVE
PSU-1: 1493006 SVE 1492998

Figure 5.7. Alignment of the EstB28 putative esterase from O.oeni9 with the published
gene product sequence of O. oeni PSU-1 from JGl. Middle row represents the
consensus sequence. Regions of homology are highlighted in green and discrepanc¡es
between the two sequences are highl¡ghted in red.

The nucleotide modifications in estB2? result in two amino acid changes; at residue

102, arginine is substituted for histidine, and at residue 261, serine is substituted for

glycine.
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Figure 5.8. Multiple sequence alignment of (putative) proteins with sequence

homology to both EstA2 and EstAT of O.oeni9. Sequence alignment was obtained

using ClustalW at the Angis website and formatted using Genedoc Version 2.6.003.

Columns in which 50% or more of the sequences have the same amino acid are

highlighted in green. Putative lipolytic enzyme motifs are shown: GX motif containing

the N-terminal oxyanion hole residue (blue), nucleophilic elbow motif surrounding

the central catalytic serine and second oxyanion hole residue (yellow), catalytic

aspartic acid (orange), and catalytic histidine (pink). Abþreviations (NCBI accession

numbers shown in brackets): Est 42, O.oeni9 esterase (this work); Est 47, O.oeni9

esterase (this work); L.mes, Leuc. mesenterordes subsp. mesenteroides ATCC8293

predicted esterase (ZP_00064003); S.ther, Streptococcus thermophilus LMG 1831 1

esterase (YP_139637); S.mut, Streptococcus mutans U4159 putative tributyrin

esterase (NP_721797); S.agal, Streptococcus agalacfiae 4909 tributyrin esterase

(YP_329885); S.pyo, Streptococcus pyogenes MGAS8232 putative tributyrin

esterase (NP_607143); Ll.lact, Lc.lactis subsp. lactisl11403 lipase (NP_267928);

Ll.crem, Lc. lactis subsp. cremoris tributyrin esterase (4F157601); E.faec,

Enterococcus faecalis V583 putative tributyrin esterase (N P_81 4531 ).
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Figure 5.9. Multiple sequence alignment of (putative) proteins with sequence homology

to EstB28 of O.oeni9. Sequence alignment was obtained using ClustalW at the Angis

website and formatted using Genedoc Version 2.6.003. Columns in which 50% or more

of the sequences have the same amino acid are highlighted in green. Putative lipolytic

enzyme motifs are shown: GGGX motif containing the N-terminal oxyanion hole

residue (blue), nucleophilic elbow motif surrounding the central catalytic serine and

second oxyanion hole residue (yellow), catalytic aspartic acid (orange), and catalytic

histidine (pink). Abbreviations (NCBI accession numbers shown in brackets): EstB28,

putative esterase from O.oeni9 (this work); Lb.john, Lactobacillus johnsoniiNCC 533

hypothetical protein (NP_965370); Lb.gass, Lö. gasseri ATCC 33323 esterase/lipase

(48J60124); Lb.acid, Lactobacillus acidophlus NCFM lipase (YP_194213); B.cere,

Bacillus cereus cephalosporin-C deacetylase (AAN08612); E.faec, Enterococcus

faecalis V583 putative lipase (NP_816794); m.actin, marine actinobacterium

PHSC2OC1 hypothetical protein (ZP_011 29880); Bd.bact, Bdellovibrio bacteriovorus

HD100 lipase similar to LipA (NP_967631 ); Bi.long, Bifidobacterium longum DJ010A

esterase/lipase (ZP_00 1207 59); Lb.casei, Lb. casei Ll LA arylesterase estB

(A.F4e4421).
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The proteins and putative proteins most similar to EstA2 and EstAT are all products of

LAB (Figure 5.8). As expected, putative proteins from O. oeni PSU-1 were identified as

being identical to both EstA2 and EstAT; this was previously confirmed by nucleotide

sequencing (Figures 5.2 and 5.3). Also, the region corresponding to EstA2 lrom O. oeni

PSU-1 was identified as being similar to EstAT and the same occurred for EstA2. A

putative 263 amino acid protein from Leuc. mesenterordes subsp. mesenterordes was

found to be similar to both EstA2 (59% identity) and EstAT (67% identity) (Figure 5.8).

Oenococcus oeni was formerly classified as a member of the Leuconostoc genus, namely

Leuc. oenos (Dicks, et al., 1995), and genomic similarities such as this are expected

between O. oeniand Leuconostoc species.

A number of LAB not usually associated with wine were also revealed to produce proteins

similar to both EstA2 and EstA7, namely Lc. lactis subsp. cremoris, Ec. faecalis, and four

Streptococcus species. The sequence of EstA from Lc. /acfrs subsp. /acfts, which was

originally used to identify esterase sequences in O. oeni, was amongst the most similar

sequences for both EstA2 and EstA7. None of these bacteria, or Leuc. mesenteroides,

were found to produce more than one protein homologous to EstA2 or EstA7. This is

unexpected given that O. oenihas two distinct genes producing highly similar proteins.

The EstA2 and EstAT alignment (Figure 5.8) reveals that sequence similarity extends

across the entire length of the proteins. A comparison of the sequences with those

presented by Arpigny and Jaeger (1999) suggests both EstA2 and EstAT belong to the

Family V lipolytic enzymes. Enzymes in Family V show the catalytic triad typical of most

lipolytic enzymes and can originate from mesophilic bacteria, of which O. oeni is an

example. ln addition, they show significant sequence similarity to non-lipolytic bacterial

enzymes, including haloperoxidases and dehalogenases (Arpigny and Jaeger, 1999).

Based on published esterase data (see Table 5.1), a GLSMG pentapeptide is tentatively

identified as the nucleophilic elbow in EstA2, and a GMSMG sequence in EstA7. The

catalytic serine is Ser-1 22 and Ser-125 in EstA2 and EstA7, respectively. lnterestingly, in

all the sequences (Figure 5.8) the nucleophilic elbow is GLSMG, with the exception of

EstAT in which methionine substitutes the leucine (GMSMG). However, methionine and

leucine are similar in that they both have hydrophobic side chains. The Family V

sequences analysed by Arpigny and Jaeger (1999) verify that the second amino acid of

the nucleophilic elbow can be highly variable. The putative catalytic histidine was

identified by referring to published esterase sequences (Arpigny and Jaeger, 1999; Pleiss

et al. 2000), and characteristically, it is close to the C-terminus. ln EstA2 and EstAT it is
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tentatively located at His-237 and His-240, respectively. Generally, the catalytic Asp is

more difficult to predict because the region around it is much less conserved than the

other motifs of esterases (Cygler, et al., 1993). However, an aspartic acid residue located

29 residues upstream of the catalytic histidine, is tentatively identified as the catalytic

aspartic acid (Asp-208 in EstA2 and Asp-211 in EstAT). These two residues are

absolutely conserved in all ten of the aligned sequences.

The oxyanion hole residue neighbouring the active serine is a methionine in all proteins

(Met-123 in EstA2, Met-126 in EstAT). The second oxyanion hole residue is tentatively

identified as a methionine located approximately 50 residues from the N-terminus; Met-47

in EstA2 and Met-50 in EstA7. This designation is based on the presence of a preceding

glycine and both residues (GM) being conserved in all sequences. The presence of the

GM motif suggests EstA2 and EstAT belong to the GX class of enzymes according to the

LED classification system. The GX class consists of 27 superfamilies and includes

bacterial esterases and cytosolic hydrolases. A search of the LED revealed no sequences

corresponding to either EstA2 or EstAT are currently listed for O. oeni.

Three different species of Lactobacl/us were found to produce proteins similar to EstB28;

Lb. johnsonii (45o/o identity), Lb. gasseri (42% identity) and Lb. acidophilus (41% identity).

ln addition, sequence similarity was also found for proteins from non-LAB bacteria;

namely Bacillus cereus (40% identity), Bdellovibrio bacteriovorus (27o/o identity),

Bifidobacterium longum (27o/o identity), and a marine actinobacterium strain (29%

identity). lnterestingly, EstB from Lb. casei, which was originally used to identify EstB28 in

O. oeni, was not among the most homologous sequences, but it has been included in

Figure 5.9 for interest.

According to the system for classifying bacterial lipolytic enzymes proposed by Arpigny

and Jaeger (1999), EstB28 belongs to Family lV, a group of enzymes which show

sequence similarity to the mammalian hormone-sensitive lipase (mHSL). Mammalian HSL

plays important and varied roles in a number of tissues in which it is expressed, including

adipose, pancreatic and muscle tissues (Østerlund, 2001). Valuable site-directed

mutagenesis work using mHSL has revealed the importance of the catalytic triad active

site structure in the function of most lipolytic enzymes; disruption to the serine at the

centre of the GXSXG nucleophilic elbow resulted in the complete absence of enzymatic

activity (Holm, et al., 1994). Subsequent mutagenesis studies have identified the other two

members of the catalytic triad to be aspartic acid and histidine residues (Østerlund, et al.,

1ee7).
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A putative nucleophilic elbow sequence was identified in EstB28 (GDSAG) and this

sequence was identical in all the aligned sequences (Figure 5.9). The catalytic serine is

therefore located at residue Ser-143. The adjacent putative oxyanion hole residue is

alanine (Ala444). The second oxyanion hole residue is tentatively identified as a glycine

(Gly-73). The sequence surrounding Gly-73 takes the form GGGX in which X is

phenylalanine, indicating EstB28 could belong to the GGGX class of lipolytic enzymes

(Arpigny and Jaeger, 1999; Pleiss et al. 2000). As discussed previously, the X amino acid

of GGGX motif is characteristically hydrophobic, which phenylalanine is. Searching the

LED website reveals the sequence corresponding to EstB28 in O. oeniMCW (a misnomer

of O. oeniPSU-1) has in fact been classified as belonging to the GGGX class, in the

Moraxella lipase2-like superfamily and Bacillus sphaericus lipase-like homologous family

@b1a.\. According to the LED, His-265 is identified as the catalytic histidine residue of

this sequence. However, Figure 5.9 indicates that His-269 of EstB28 is more likely to be

the catalytic histidine, given that this residue is conserved in all the sequences. The

catalytic aspartic acid of EstB28 is tentatively identified as Asp-235 based on the LED

designation.

Beyond the nucleophilic elbow motif found in most lipolytic enzymes, mHSL shows no

significant homology to any other group of mammalian lipase or esterase (Holm, et al.,

1988). However, it does show sequence similarity to a group of bacterial proteins.

Sequence similarities were initially recognised between HSL and a lipase from an

Antarctic isolate, MoraxellaTAl44 (Feller, et al., 1991). Hemilä and coworkers (1994)

then identified an HSL-homologue in Bacillus acidocaldarius, and following protein

database searches, reported similar proteins were also produced by E coli, two

Streptomyces species, and Actinetobacter calcoaceticus. lt is now clear that HSL-like

lipolytic enzymes are widespread across the prokaryotes, even across distantly-related

bacteria, including Alicyclobacillus acidocaldarius, Psuedomonas species, Archaeoglobus

fulgidus (Arpigny and Jaeger, 1999), and now putatively, O. oeni. lnterestingly, Lb.casei

LILA EstB (Fenster, et al., 2003b), the esterase sequence initially used to identify EstB28,

could also be classified as mHSl-like, but this was not commented on by the authors.

Mammalian HSL are multi-domain proteins and with molecular weights close to 85 kDa,

are much larger than the HSL-like enzymes produced by bacteria. Bacterial HSL-like

proteins only show sequence similarity to a distinct section of mHSL; this region has been

shown to be the catalytic domain and contains the catalytic serine (Smith, et al., 1996). ln

the present work, EstB28 has a deduced molecular weight of 34.5 kDa, which is

comparable to mHSL-Iike enzymes characterised previously in bacteria. Examples include
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E. coli (36 kDa; Kanaya, et al., 1998), Pseudomonas sp. (33.7 kDa; Choo, et al., 1998),

and B. acidocaldarius (34 kDa; Manco, et al., 1998).

Unlike EstA2 and EstA7, EstB28 does not have sequence homology with other proteins

across the entire protein length. Figure 5.9 reveals the sequences are highly conserved in

the region between the GGGX and GDSAG motifs, but there is low homology away from

these regions. This result is also obvious from the lower percent identities of the blastp

database searches for EstB28. Similar results were reported for HSL-like enzymes from

soil bacteria (Lee, et al., 2004). This suggests that the mHSL-like enzymes will differ

depending upon the organism, and could explain some difference in lipolytic activity

observed among bacterial strains.

The only organism with sequence similarity to EstA2, EstAT and EstB28 is a strain of Ec.

faecalis (Figure 5.8 and 5.9). Leuc. mesenterordes was found to produce a protein with

high homology to both EstA2 and EstA7. ln fact, EstA2 has greater homology with a

protein trom Leuc. oenos than with EstA7. However, among the 100 most similar

sequences identified for EstB28, no Leuc. mesenterordes sequences were found. Both of

these observations show that there is considerable variation in the lipolytic enzyme

systems of LAB, even between closely related organisms such as O. oeniand a

Leuconostoc species. These genetic differences could also go some way to explaining the

differences in lipolytic activity reported for different strains of LAB.

Analysis of the putative esterase sequences using the NCBI Conserved Domain search

tool (http://wmv.ncbi.nlm.nih.goviStructure/cddicdd.shtml) was used to identify any

domains known to have lipolytic function. EstA2 and EstAT both contain the COG0627

domain of 'predicted esterases'. EstB28 instead showed similarity to the COG0657

domain of 'esterases and lípases'. ln addition, the region of EstB28 between the HGGX

and GDSAG motifs discussed earlier showed similarity to part of the cd00312 domain,

also common to esterases and lipases.

Analysis using the PSORTb online tool for predicting subcellular localisation of Gram

positive bacterial proteins indicates EstB28 is cytoplasmic (Gardy, et al., 2005). This tool

could not accurately predict the localisation of either EstA2 or EstA7. Further analysis

using the online signal SignalP 3.0 tool also specific for Gram positive bacteria classifies

allthree proteins as'non-secretory' (Bendtsen, et al., 2004). These results suggest all

three proteins are intracellular, although the results are not entirely conclusive.
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5.5 Gonclusions

Based on the amino acid sequences of LAB lipolytic enzymes from the literature, three

putative esterase genes (estA2, estA7, estB29) were identified in O. oeniand the ORF for

each gene was successfully amplified by PCR. Nucleotide sequencing of the amplified

regions showed high sequence homology between the O. oeni strain used in this study

and O. oenl PSU-1, the genome sequence for which was recently published.

A protein database search revealed other bacterial proteins with significant homology to

each of the putative esterases. EstA2 and EstAT were most similar to proteins from LAB,

particularly a predicted esterase from Leuc. mesenteroides and esterases from a number

of Streptococcus strains. EstB28 showed greatest homology to proteins from

Lactobacillus strains, but some non-LAB proteins were also among the most similar.

The deduced amino acid sequences of the three gene products were examined for key

lipolytic enzyme motifs. Nucleophilic elbow pentapeptides, oxyanion hole residues and

catalytic triad residues were tentatively identified in all three sequences. The nature of the

motifs suggested both EstA2 and EstAT belong to Family V of the bacterial lipolytic

enzymes. EstB28 is tentatively identified as belonging to Family lV, a group of bacterial

lipolytic enzymes similar to mammalian hormone-sensitive lipase. These findings further

support the notion that O. oeni produces lipolytic enzymes and in an attempt to confirm

this, the ORFs of estA2, estA7, and estB2ï will be cloned in E. coli.
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CHAPTER 6

OVEREXPRESSION OF PUTATIVE ESTERASE ENZYMES OF O. OENI IN E. COt'

6.1 lntroduction

ln recent years, considerable research has focussed on the molecular and genetic

characteristics of Oenococcus oeni. Of particular interest to commercial winemaking, the

O. oenigenes involved in conducting MLF have been sequenced and cloned, and the

operon responsible has been characterised (Labarre, et al., 1996a). The malolactic

enzyme gene, mleA, was expressed in Escherichia coliand Saccharomyces cerevrsrae.

Malolactic activity was observed in both organisms, albeit weak in E. coli(Labarre, et al.,

1996b). The malate permease gene, mleP, was also cloned and conferred malate uptake

capability to E. colicells. Recently, the malate permease gene (mael) of

Schizosaccharomyces pombe and the malolactic gene (m/eA) of O. oeni were integrated

into an industrial strain of S. cerevisrae (Husnik, et al., 2006). The modified yeast strain

completed MLF simultaneously with alcoholic fermentation in wine, effectively precluding

both the need for LAB to conduct MLF and the potential production of biogenic amines

(Volschenk, et al., 1997; Husnik, et al., 2006).

Beyond those genes involved in MLF, research has focussed primarily on the O. oeni

genes involved in cellular stress responses. Wine is a particularly harsh environment, thus

an understanding of the mechanisms which enable O. oenito grow in it are valuable.

Among the stress-related genes which have been studied in O. oeniare clpX (Jobin, et

al., 1999b) , trxA (Jobin, et al., 1999a), hspl8 and two associated ORFs (Jobin, et al.,

1997; Morel, et al., 2001), clpP (Beltramo, et al., 2004), omrA (Bourdineaud, et al., 2004)

and ftsH (Bourdineaud, et al., 2003), with cfsR having been identified as the master

regulator of stress-response genes (Grandvalet, et al., 2005). Those genes involved in

arginine catabolism and transport have also been characterised (Tonon, et al., 2001;

Divol, et al., 2003; Marcobal, et al., 2004; Nehmé, et al., 2006). ln addition, the

macromolecular synthesis operon, which is responsible for ribosomal protein S21, DNA

primase, and vegetative sigma factor production has also been elucidated (Arvik, et al.,

2005).

To date, there have been no documented studies of the lipolytic enzyme systems of O.

oeni. Due to their industrial applications, bacterial lipolytic enzymes in general have

received a lot of research attention, and the bulk of this work has focussed on

Pseudomonas (or Burkholderia) (Chihara-Siomi, et al., 1992; Gilbert, 1993; Svendsen, et
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al., 1995; Saeed, et al., 2005), and Bacillus (Dartois, et al., 1992; Kim, et al., 1998; Ruiz,

et al., 2002) species. ln the dairy industry, where lipolytic enzymes are important in the

development of cheese flavour, a number of lipolytic enzymes from LAB have been

sequenced, cloned and characterised. A tributyrin esterase gene, esfÁ, from Lactococcus

/acfrs was cloned and overexpressed in E. coli(Fernandez, et al., 2000). Recombinant

EstA had high activity towards short-chain esters, and lower activity towards medium to

long-chained esters. Based on the results of gene inactivation studies, EstA was

confirmed to be the main enzyme responsible for esterase activity in Lc. /acfis. Amino acid

sequence alignments with EstA identified two putative esterases from O. oeni, designated

EstA2 and EstAT in this project (Chapter 5). A second esterase named EstA has been

described in Lactobacillus helveticus and cloned in E. coli(Fenster, et al., 2000). With a

theoretical molecular weight of 21.3 kDa, it is smaller than other LAB esterases and it

does not possess some of the motifs usually found in lipolytic enzymes. Clearly EstA of

Lb. helveticus is a different enzyme to EstA of Lc. lactis.

By constructing a genomic library, an esterase gene, esfB, was identified in Lactobacillus

casei (Fenster, et al., 2003b). The gene was cloned into E. coliand the recombinant

esterase was found to have highest activiÇ towards medium-chained esters. A putative

esterase with homology to EstB (i.e. EstB28)was found in O. oeni, as detailed in the

previous chapter. A second esterase gene from Lb. casei, esúC, has been cloned in E. coli

(Fenster, et al., 2003a). Purified recombinant EstC showed substrate selectivity for short-

chained esters. A putative protein similar to EstC was also identified in O. oeni(Chapter

5). Anomalously, the corresponding gene contained a stop codon part-way through the

coding sequence, which was confirmed by nucleotide sequencing.

A novel LAB esterase gene, esf/, was identified in Lb. casei and was cloned in both

bacteria and yeast hosts (Choi, et al., 2004). No significant sequence similarity was found

between Estl and other LAB lipolytic enzymes, but similarity was found with other bacterial

lipases, including Staphylococcus and Bacillus species. Showing a preference for longer-

chained esters, Estl had unique substrate specificity among LAB, but was similar to the

lipases of Bacillus and Su/folobus species. The molecular weight of Estl was 67.5 kDa,

which is larger than any of the other LAB esterases.

To determine if the ORFs of estA2, estA7, and estB2? identified in O. oenido in fact

encode esterases, these previously amplified sequences were overexpressed in E. coli
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6.2 Materials and Methods

6.2.1 Preliminary cloning work

lnitially, all cloning work was conducted using the vector pET-16b and overexpression

host E. coliBL2l (ÀDE3), both of which were kindly donated by Professor John Wallace of

the School of Molecular and Biomedical Science, University of Adelaide. Target proteins

were produced using this vector with a poly-histidine tag and a Factor Xa cleavage site

attached to the N-terminal for purification purposes. The putative esterase ORFs were

targeted using primers purchased from Sigma Genosys Australia and based on the draft

O. oenigenome sequence (Table 6.1). Restriction enzyme sites (underlined) were

included in each primer to allow for directional cloning such that the ATG (bold) of the

Ndel cleavage site is the first codon for each ORF. The termination codons are shown in

bold for each reverse primer. The amplified regions were ligated into pET-16b using the

restriction sites shown in each primer to produce the constructs in Table 6.2. Competent

cells of E. coliBL2l (ÀDE3) were transformed with the constructs to produce the strains

shown in Table 6.3.

Table 6.1. The primers used to amplify the ORFs of three putative esterase genes in
O.oeni9 for cloning with the pET-16b plasmid.

Table 6.2. Details of the plasmids used in the preliminary cloning work.

Gene Primers used for PGR
Restriction

site

estA2
Forward : GGCGGCATATGGCTTTTTTACAA,ATAAATTATCATTC
Reverse: CGGCGCGGGATCCTTATGATAGACGTTCTTCTTTAATATAATC

Ndel
BamHl

estAT
Forward : GCGCGCATATGGCATTTTTAGAAGTTAATTATTATTCAC
Reverse : GCGGCGGATCCCTATGACAAACGTTTTTCTGC

Ndel
BamH'l

estB28
Fon¡vard : GGCGGCCATATGTCAGAAATAGTTTTAAA
Reverse : CGGCCCTCGAGTCATTCTACTGATCTGTTAGMC

Ndel
Xhol

Plasmid Details Product
size (kDa)

pET-16b cloning vector 2.54

pET-16b-42 pET-16b with esfA2 ORF in Ndel and BamHl sites 33.1

pET-16b-47 pET-16b with esfAZ ORF in Ndel and BamHl sites 33.4

pET-16b-B28 pET-16b with estB2? ORF in Ndel and Xhol sites 37.O
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Table 6.3. Details of the strains used in the preliminary cloning work with plasmid
pET-16b.

Strain Details

E. coliDH5q cloning and DNA sequencing host

E. coliBL2l (ÀDE3) overexpression host

BL21-16b E. coliBL2l (ÀDE3) harbouring pET-16b

BL21-A¿ E. coliBL2l (ÀDE3) harbouring pET-16b-42

BL21-p'7 E. coliBL2l (ÀDE3) harbouring pET-16b-47

BL21-B.28 E. coli BL21 (ÀDE3) harbouring pET-16b-828

Cultures were grown to an ODooo of 0.6 before induction was initiated by the addition of 1

mM isopropyl B-Dthiogalactopyranoside (IPTG) (Sigma) and incubated for 2 hours at

30"C with shaking at 80 rpm. Following induction, cell pellets were treated with

Bugbuster@ Master Mix Protein Extraction Reagent (Novagen) according to the

manufacturers directions. To confirm the fusion proteins were being produced, the cell

extracts were analysed by denaturing polyacrylamide gel electrophoresis. Recombinant

proteins produced using this vector were always insoluble and formed inclusion bodies,

despite various overexpression conditions being trialled (data not shown). ln an attempt to

overcome this insolubility problem, all cloning work was repeated using the plasmid pET-

43.1b and the methods for this work that are now presented.

6.2.2 Bacterialsfrarns

E. coliDHSo was used for plasmid amplification, initial cloning and DNA sequencing. E

coli Rosetta2 (DE3) (Novagen) was used for overexpression experiments and was grown

in Luria-Bertani (LB) medium (Appendix 1) with 34 pg/mL chloramphenicol (Fluka). All E

coli strains harbouring the pET-43.1b plasmid (or derivatives of it) were grown in LB broth

with 100 pg/ml ampicillin (Sigma) (LB+Amp). Unless othen¡vise stated, all E. colistrains

were cultured in 10 mL disposable plastic tubes containing 5 mL LB broth with appropriate

antibiotic for 16 hours at 37'C on a mechanical roller. All E. colistrains were stored as

glycerol stocks at -80'C until required. Details of the plasmids and strains used in this

study are shown in Table 6.4 and 6.5 respectively. Deduced molecular weights were

determined using the online Compute Mw tool at ExPASy website (http://au.expasy.org/

toolsipi_tool.html) (Gasteiger, et al., 2005).
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Plasmid Details
Product

Size (kDa)

pET-43.1b cloning vector 66.4

pET-43.1b-42 pET-43.1b with estA2 ORF in Smal and EamHl sites 89.7

pET-43.1b-47 pET-43.1b with estA7 ORF in Smal and BamHl sites 90.0

pET-43.1b-828 pET-43.1b with estB2? ORF in Smal and Sacl sites 93,6

Table 6.4. Details of the plasmids used in this study

Table 6.5. Details of the strains used in this study

Strain Details

E. coliDHSq cloning and DNA sequencing host

E. coliRosetta2 (DE3) overexpression host

Rosetta-43.1b E. coli Rosetta2 (DE3) harbouring pET-43.1b

Rosetta-42 E. coli Rosetta2 (DE3) harbouring pET-43.1 b-42

Rosetta-47 E. coli Rosetta2 (DE3) harbouring pET-43.1 b-47

Rosetta-828 E. coli Rosetta2 (DE3) harbouring pET-43.1 b-828

6.2.3 Cloning vector

The cloning vector, pET-43.1b (Novagen), was kindly donated by Professor John Wallace

of the School of Molecular Biosciences, University of Adelaide. This vector was chosen

because it allows a target protein to be produced as a fusion protein with the 491 amino

acid NusA protein, namely the Nus'tag, which promotes solubility (Davis, et al., 1999). ln

addition to the solubilising Nus'tag, pET-43.1b enables target proteins to be produced with

a poly-histidine tag (His'tag) and a unique 15 amino acid S'tag, both for affinity purification

purposes. The O. oeni ORFs were cloned into the multiple cloning site of pET-43.1b to

produce fusion proteins with Nus'tag, His'tag, and S'tag. A thrombin cleavage site was

located near the N-terminal of the target protein to enable the tags to be cleaved off

following purification (Figure 6. 1 ).
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Nus.tag (NusA) His.tag S.tag

1
Thrombin cleavage site

Figure 6.1. Representation of the fusion proteins produced using pET-43.1b cloning vector
where the target protein is the putative esterase from O. oeni (not drawn to scale).

The cloning vector, pET-43.1b was propagated in E. coli DHSo and isolated using the

WizardrM Plus SV Minipreps DNA Purification System (Promega), following the

manufacturers instructions and eluting at the final step in 100 ¡tL of ultrapure water.

Plasmid DNA was stored at -30"C until required.

6.2.4 Restriction enzyme digestion and dephosphorylation

The plasmid and PCR products were digested separately using the restriction enzymes

shown (Table 6.4). For estA2 and esfA7, the plasmid and PCR product were digested

sequentially with Bamïl (2 hours at 37'C) and Smal (2 hours at 25'C) following the

manufacturers instructions. Between each digestion, plasmid and PCR DNA was purified

using the Qiaquick PCR Purification Kit (Qiagen), according to the manufacturers

instructions . For estB28, the plasmid and PCR product were digested with Smal at 25"C

for 2 hours before Sacl enzyme was added to the same reaction mixture, and the reaction

incubated at 37'C for 2 hours. All plasmids were dephosphorylated immediately following

restriction digestion by adding 1U of shrimp alkaline phosphatase (Roche) to each

reaction and incubating for a further hour at 37'C.

Following digestion, the PCR products were purified by electrophoresis in a TAE agarose

gel (2o/o) as described earlier. Following digestion and dephosphorylation, plasmids were

purified by electrophoresis in a TAE agarose gel (1%). All target DNA was recovered by

extraction from the gel matrix using the Qiaquick Gel Extraction Kit (Qiagen), following the

manufacturers instruction s.

6.2.5 Ligation

PCR products and plasmids were ligated using T4 DNA ligase (NEB) (1U per 10 pL

reaction) at 16"C overnight. Controls containing no PCR product (plasmid with and without

ligase) were also performed.
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6.2.6 Preparation of E. coli DHSa competent cells

A 4 mL, 16-hour culture of E. coli DHSq was diluted 1 in 100 with fresh LB broth before

being incubated at 37'C with vigorous agitation (180 rpm) untilthe culture had attained an

ODooo of 0.4. The culture was aliquoted into 50 mL volumes and the cells were pelleted by

centrifugation at 4'C (5000 x 9,7 minutes), before each aliquot of cells was resuspended

in 10 mL of cold Competent Cell Buffer (CCB, Appendix 1 ) and held on ice for 30 minutes.

Each aliquot was repelleted (5000 x g, 5 minutes, 4'C) and resuspended in 10 mL of CCB

twice and resuspended in a final volume of 2 mL of CCB. Competent cells were stored at

-80"C until required.

6.2.7 Transformation of E. coli DHSa

Transformation of E. colicells was conducted using the method previously described

(Sambrook and Russell, 2001 ), with the following modifications. Competent cells (100 pL),

50 pL transformation buffer (Appendix 1) and 5 pL of ligation mixture were used for each

transformation. Control transformations contained 5 ¡tL of sterile ultrapure water instead of

the ligation mixture. After being chilled on ice for 30 minutes, cells were incubated at 42"C

via a dry heat block for 2 minutes and then held at room temperature for 10 minutes. LB

broth (1 mL) was then added before incubation at 37"C for 60 minutes without agitation.

Cells were pelleted by centrifugation for 1 minute at 5000 x g, most of the supernatant

was discarded and the remaining supernatant was used to resuspend the cells, which

were spread onto LB+Amp plates and incubated for 16 hours at 37'C.

6.2.8 Screening of transformants

Colonies from transformation plates were streaked onto fresh plates and inoculated into 5

mL of LB+Amp broth and grown for 16 hours. Plasmids were then isolated, co-digested

using BamHl and Ndel; these enzymes were chosen because they are compatible with a

double digestion and because they yield nucleotide fragment sizes which are

distinguishable on a TAE agarose gel (1%). Digested plasmids were separated by

electrophoresis to confirm the correct sized insert was present.

The sequence of the plasmid constructs was confirmed by nucleotide sequencing at the

lnstitute of Medical and Veterinary Science (Adelaide) using the ABI Big Dye Version 3

DNA sequencing method. Sequencing reaction conditions and sample clean-up were the

same as those for sequencing the PCR products, except the initial denaturation step was

omitted. The primers used for this purpose (Table 6.6) were located approximately 120

bases upstream and approximately 95 bases downstream of the insert sites in the plasmid

and the same pair of primers were used to sequence all potential transformants.
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Table 6.6. Primers used to sequence inserted DNA in pET-43.1b

Forward primer GGCTGCCCGTAATATTTGCTGGTTCG

Reverse primer CCTCTGGGTCTTCAGGAGCGAGTTCTG

6.2.9 Transformation of E. coli Rosefta2 (DE3) (Novagen) for overexpresslon

Competent cells of the overexpression host, E. coli Rosetta2 (DE3), were purchased from

Novagen. This strain is specifically designed to help overcome some of the problems

associated with expressing genes containing codons that are rarely used in E. coli. Codon

bias problems include the production of truncated proteins, frame-shifts during translation

and amino acids being misincorporated. All three of the O. oenisequences under

investigation in this study contained several codons classified as rare in E. coli. To help

overcome potential problems arising from this fact, Rosetta2 (DE3) harbours the plasmid

pRARE2, which supplies tRNAs for seven of these rare codons.

Transformation of Rosetta2 (DE3) cells followed the method described above, but 2 pL of

plasmid solution was used in place of the ligation mixture and the cells were plated on LB

medium with 100 ¡rgimL ampicillin and 34 ¡rg/ml chloramphenicol. Colonies harbouring

the correct plasmid constructs were identified by restriction digest as described above, but

the plasmids were not sequenced. These are named Rosetta-A2, Rosetta-A7, Rosetta-

828, and Rosetta-43. 1 b.

6.2. 1 0 Overexpression protocol

Sixteen-hour cultures of E. coliclones were diluted 1 in 100 in fresh broth. Cultures were

grown at 37'C, shaking on an orbital shaker at 180 rpm until the ODooo of the culture was

0.6 (approximately 3.5 hours). Each culture was then divided into two equal volumes. To

one half, 0.6 mM IPTG was added to induce overexpression of the target protein. All

cultures were incubated at 28'C for 6 hours with shaking at 80 rpm.

6.2.11 Preparation of total cell extracts

Following induction, all cultures were centrifuged (4"C, 5000 x9,10 minutes). Total cell

protein extracts were prepared from the cell pellets using Bugbuster@ Master Mix Protein

Extraction Reagent (Novagen) according to the manufacturers directions. lnitially, cell

extracts were prepared in this way with the inclusion of a general-purpose protease

inhibitor (Complete Mini EDTA-free, Roche) at the recommended concentration, to avoid

protein degradation. However, some protease inhibitors have been previously found to

inhibit esterase activity (Castillo, et al., 1999), thus when cell extracts were being prepared
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for esterase activity tests, the protease inhibitor was excluded and no detrimental effects

were observed.

The concentration of protein in each cell extract was determined using the Modified Lowry

Protein Assay Kit (Pierce) with bovine serum albumin (BSA) protein standards and

according to the manufacturers instructions.

6.2.12 SDS-PAGE analysis of the cell extracts

To confirm that the target proteins were being produced, the cell extracts were analysed

by denaturing polyacrylamide gel electrophoresis. SDS-PAGE was conducted in a Mini

Protean 3 Cell system (BioRad) following the instructions supplied by the manufacturer for

using the SDS-PAGE (Laemmli) buffer system. Hand-cast, discontinuous gels were

prepared with a 9% resolving gel overlayed with a 4o/o stacking gel. Exceptions to the

manufacturers instructions included the sample buffer (5x) which contained 0.7719

dithiothreitol, 1 g SDS, 4 mL glycerol, 3 mL 1 M Tris-HCl (pH 6.8), and 1 grain

bromophenol blue per 10 mL, and was stored at -20"C until required. Also, gel solutions

were not degassed prior to being poured.

Using the results of the protein quantification assays, 150 pg of protein was added to 10

¡rL of 5x sample buffer and made to a final volume of 50 pL with sterile water. Protein

molecular weight standards (SDS-PAGE Standard-Low Range, BioRad) were also

prepared according to the manufacturers instructions. Samples and standards were

incubated at 95"C for 5 minutes, cooled at room temperature for 5 minutes and 10 pL of

each sample (equivalent to 30 pg protein) was loaded onto a gel for electrophoresis.

Standards were loaded in duplicate (5 pL and 15 pL). The power programme used was 70

volts for 15 minutes followed by 150 volts for 55 minutes. Gels were stained with 100 mL

Coomassie Blue Stain (Appendix 1) by bringing to boil in a microwave and then gently

agitating at room temperature for 10 minutes. Gels were then destained with Coomassie

Blue Destain (Appendix 1) using the same method.

6.2.13 Western blot

Western blotting was conducted to further confirm the identity of the overexpressed

proteins that had been detected using SDS-PAGE. HisProbe-HRP (Pierce) was used for

detection. This nickel-activated derivative of HRP was chosen for its ability to interact with

the His.tag in the fusion proteins, without the need for primary and secondary antibody

reactions. SDS-PAGE was conducted as described above with the amount of protein

loaded per sample normalised to 50 pg. At the end of electrophoresis, the Coomassie
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staining process was omitted and unstained proteins were electrophoretically transferred

to a nitrocellulose membrane (Hybond C, Amersham) by immersion in Transfer Buffer

(Appendix 1) for t hour at 50 volts. Following transfer, the membrane was soaked in 10

mL of BSA Blocking Solution (Appendix 1) for t hour at room temperature with gentle

agitation. The membrane was washed twice for 15 minutes in 15 mL of Western Wash

Buffer (WWB, Appendix 1) before being probed at room temperature for t hour with gentle

agitation in 10 mL of HisProbe-HRP Solution (Appendix 1). The membrane was washed

four times with 15 mL WWB for 10 minutes. The membrane was then soaked in 6 mL of

Supersignal@ West Pico Chemiluminescent Substrate (Pierce), prepared according to the

manufacturers instructions for 5 minutes. The resulting reaction was visualised

electronically using a Versadoc (BioRad) imager with an exposure time of 1 minute.

6.2.14 Esferase assay of total cell extracts and whole cells following induction

Whole cell assays contained 40 ¡rL of 25 mM pNP-octanoate in propan-2-ol, 940 pL of 0.1

mM Mcllvaine buffer (pH 6.0) and 20 pL a cell suspension to yield a final ODooo of 0.5 and

a final reaction volume of 1 mL. Assays of total cell extracts contained 20 pL of total cell

extract in place of the cell suspension. Reactions were incubated at 37'C for t hour.

Following incubation, reaction mixtures were centrifuged (20,000 xg,7 minutes), 900 pL

of supernatant was transferred to a 48-well microplate and the absorbance was measured

at 410 nm (Bio-Tek instruments lnc. pQuant). To account for non-enzymatic hydrolysis of

the substrate, control reactions were also prepared; buffer (20 pL) and Bugbuster@ Master

Mix reagent (20 pL) was added in place of the cell suspension and cell extract in the

whole cell and cell extract assays respectively. All assays were conducted in triplicate and

compared to p-nitrophenol standards for quantification. Dry cell weights were determined

for all strains using 10 mL volumes of each culture at the end of induction.

6.2.15 Purification of the target proteins

Cell extracts were treated with both the S'Tag Thrombin Purification Kit (Novagen), which

targets the S.tag, and the Swellgel@ Nickel Chelated Discs (Pierce), which targets the

His'tag, according to the manufacturers instructions.

6.2.16 Thrombin treatment of the cellextracts

To cleave the tags attached to the putative esterases, thrombin (from bovine plasma,

Sigma Aldrich, T4648) (10 U) was added to 1 mL volumes of the cell extracts and

incubated at 37"C for 4 hours. Following incubation, the cell extracts were analysed by

SDS-PAGE as previously described. Esterase activity of the cell extracts was determined

following treatment with thrombin using the method described earlier with p-nitrophenyl
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octanoate substrate, except 20 pL of cell extracts with added thrombin replaced the

normal cell extracts. Control reactions contained 20 pL of thrombin in Bugbuster@ Master

Mix.
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6.3 Results

Based on the published sequences of LAB lipolytic enzymes, ORFs of three putative

esterase genes were identified in O. oeni. The three regions were successfully amplified

by PCR using genomic DNA from O.oenig (CHR Hansen Viniflora oenos). Nucleotide

sequencing of the products revealed high similarity with the published sequence, O. oeni

PSU-1. To determine if the ORFs were in fact coding sequences for lipolytic enzymes, the

three PCR fragments were cloned in E. coli, overexpressed, and analysed for esterases

activity.

6.3.1 Preliminary cloning work

lnitially, the three putative esterase ORFs being investigated in this study were cloned into

E. coliBL2l (ÀDE3) using the plasmid pET-16b. For purification purposes, each ORF was

inserted into pET-16b such that a poly-histidine tag and Factor Xa cleavage recognition

site were attached to the Nterminal of each target protein. Following induction, cell

extracts were prepared using the method that has been described for the pET-43.1b

vector clones. The soluble fractions of the pET-16b cell extracts, induced and uninduced,

were analysed by SDS-PAGE (Figure 6.2). The theoretical molecular weights of the fusion

proteins derived from pET-16b are 33.1 kDa (8L21-A2),33.4 kDa (8L21-A7),37.0 kDa

(8L21-828) and the protein produced with induction of pET-16b is 2.54 kDa. No

overexpressed proteins of these sizes, or other, are seen in any of the soluble fractions of

the cell extracts, including those which had been treated with IPTG.

The insoluble fraction of each cell extract was treated further with Bugbuster@ Master Mix

following the manufacturers instructions and analysed by SDS-PAGE (Figure 6.3). The

PAGE results show bands similar to the theoretical sizes of the target proteins, indicating

the target proteins are in the insoluble fraction of each extract. ln the extract derived from

BL21-A2, a band approximately 31 kDa in size is observed; a corresponding band is seen

in the uninduced sample, but it has much lower intensity. Similarly, the BL21-47 induced

sample contains a band close to 31 kDa, and a similar band with lower intensity in the

uninduced sample. A slightly larger band (31 - 45 kDa) is seen in the induced sample of

BL21-828 which is not detected in the uninduced sample of the same strain. No proteins

were detected in the insoluble fraction of either samples of BL21-16b or the plasmid-free

host strain, E. coliBL2l (ÀDE3).
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Overexpression of heterologous proteins in E. colioften results in the formation of

insoluble aggregates called inclusion bodies (Baneyx, 1999). The attachment of just a

short peptide tag can decrease the solubility of some target proteins (Busso, et al., 2003;

Woestenenk, et al., 2004), so it is possible the inclusion bodies were simply the result of

the poly-histidine tag from pET-16b. lnduction conditions were altered to try to produce

soluble recombinant proteins. Conditions which are reported to decrease the likelihood of

inclusion bodies forming, were trialled; namely lower induction temperatures and lower

IPTG concentrations. However, the target proteins derived from this plasmid were

consistently produced as inclusion bodies and soluble proteins were not produced under

any induction conditions (data not shown). Further, esterase assays failed to detect any

esterase activity in either the whole cells, or the soluble or insoluble fraction of the cell

extracts (data not shown).

There are various methods for refolding insoluble proteins, but these are often

cumbersome, must be tailored to suit each protein, and can result in poor recovery (Singh

and Panda, 2005). Time restraints on this project meant refolding strategies were not

undertaken and instead the three ORFs were recloned using a different plasmid, namely

pET-43.1b, which is specifically designed for enhancing the solubility of recombinant

proteins.

6.3.2 Screening of pET-43.1b transformants

To identify colonies which contain the correct ligation products, plasmids from a number of

colonies on each transformation plate were isolated and plasmid preparations thereof

digested with BamHl and Ndel. The expected nucleotide fragment sizes for each plasmid

following digestion are shown in Table 6.4 and the electrophoresis results are shown in

Figure 6.4.

Table 6.4. Nucleotide fragment sizes expected when the plasmids are
digested with BamHl and Ndel.

Plasmid Base pairs

pET-43.1b 561 I 1 656

pET-43.1b-42 561 I 2399

pET-43.1b-47 561 I 2408

pET-43.1b-828 561 I 2526
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Panel A (Figure 6.4) shows plasmids from four transformation colonies, all of which

appear to contain the inserted ORF of estA2. Compared to the fragment sizes of digested

pET-43.1b (Lane 1, showing signs of incomplete digestion), the increase in the size of the

smaller fragment from between 1515 bases and 1900 bases, to between 2799 bases and

1900 bases, corresponds to the insertion of the ORF of estA2 (795 bases) and the bases

that code for the thrombin cleavage site (8 bases). Similarly, Panel B shows the same

result for the transformants containing the estAT ORF insert (total of 812 bases). ln Panel

C, two transformant plasmids are found to contain the ORF of estB29, seen by the

increase in the size of the smaller fragment due to the insertion of 920 bases. The last two

lanes of Panel C show unsuccessfultransformations in which the plasmids are religated

pET-43.1b, without the 920 base insert. These strains were excluded from any further

study.

To confirm that the plasmid constructs were correct, nucleotide sequencing was

conducted as described. When the sequencing results were aligned with the sequencing

results of the PCR products (Chapter 5), frequent nucleotide substitution errors were

found in all three of the ORF inserts. These errors were not detected when the PCR

products were sequenced earlier, indicating the products from the PCR reactions

contained a mixed population of correct and incorrect copies of each ORF. Furthermore,

among the plasmids sequenced, there was more than one type of nucleotide substitution

error seen for each ORF. This suggests the errors were occurring during PCR and were

not due to a mutation in the O. oenigenomic DNA. A likely cause of the errors is low

fidelity of the DNA polymerase used for PCR, although DyNAzymerM EXT DNA

Polymerase is marketed as having high fidelity. To find a clone containing an insert with

the correct sequence (i.e. one in agreement with the PCR products), additional plasmids

were sequenced until one with no errors was identified for each of the three ORF. These

strain were then used for the remainder of the project, including overexpression studies.
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6.3.3 SDS-PAGE analysis of the cell extracts

Denaturing PAGE was conducted to confirm target proteins were being produced. The

results of the SDS-PAGE analysis of the cell extracts reveal overexpressed proteins are

present in all of the induced cell samples (Figure 6.5).

97.4 kDa

66.2 kDa

45.0 kDa

31.0 kDa

21.5 kDa

14.4 kDa

Figure 6.5. SDS-PAGE analysis of total cell extracts with putative esterases from O. oeni
overexpressed ¡n E. coliRosetta (DE3).

The induced pET-43.1b sample shows a band between 66.2 and 97 .4 kDa. This band

could be associated with 66.4 kDa protein produced by the empty plasmid upon induction

that contains the Nus, His and S.tag. A single predominant þand is seen in each of the

extracts derived from the strains containing putative esterase ORFs following induction. ln

Rosetta-B28, the band is more than 97.4 kDa, which is similar to the weight calculated

from the amino acid sequence (93.6 kDa). ln the extract of Rosetta-A7, the predominant

band is approximately 97.4 kDa, which is also similar to the calculated we¡ght (90.0 kDa).

This band has much lower intensity than the bands corresponding to EstA2 and EstB28.

ln an attempt to produce a more intense band from Rosetta-A7, the IPTG concentration

and induction time and temperature were adjusted (data not shown). However, at higher
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IPTG concentrations, inclusion bodies were produced and at lower temperatures the

intensity of the band was lower. ln the extract derived from Rosetta-A2, a band is seen at

approximately 97.4 kDa, marginally larger than the calculated weight for this protein (89.7

kDa). No corresponding bands are seen in any of the uninduced samples.

6.3.4 Western blot

To confirm that the proteins detected by denaturing PAGE are the target proteins, a

Western blot was conducted using a probe targeting the His'tags (Figure 6.6). A protein

detectaþle using HisProbe-HRP was seen in both samples extracted from the Rosetta-

43.1b strain, however, the intensity of the ca 80 kDa band was dramatically increased in

the extract derived from IPTG-induced cultures. ln the case of strains carrying plasmids

containing a putative esterase ORF, bands detectable by HisProbe-HRP were only

evident in the induced cultures. Such bands corresponded to the predominant band in

each case as well as some minor bands of smaller size (Figure 6.6).

Figure 6.6. Western blot analysis of total cell extracts with putative esterases lrom O. oeni
overexpressed in E. coliRosetta (DE3) and detected using His-Probe HRP.

o
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6.3.5 Esferase activity assay

Esterase assays were conducted on induced and uninduced whole cells and total cell

extracts using pNP-octanoate substrate. The results are shown in Figure 6.7 and Figure

6.8. The Multiple Range Test was conducted and the results are shown on the figures by

letters where different letters represent significant differences between the means. Only

trace esterase activities were observed in the whole cells of Rosetta-A7, Rosetta-B28, and

Rosetta-43.1b (r.e. all < 0.53 units; Figure 6.7). By comparison, Rosefta-A2 produced

approximately five times the activity (- 2.8 units) without induction and more than 10 times

(- 6.7 units) following induction. The esterase activity seen in Rosetta-A2 whole cells is

confirmed in the cell extracts of the same strain (Figure 6.8). Where total cell extracts

were assayed, that prepared from Rosetta-\2 (uninduced) was significantly different from

the uninduced Rosetta-43.1b control. All other extracts yielded equal or lower levels of

activity with one exception: the extract from the induced Rosetta-42 produced over three

times the esterase activity of its uninduced equivalent. However, the activity increase seen

in extracts is lower (six-fold) than for that seen in the whole cells; one possible reason

being that the protein is damaged during extraction and storage.

6.3.6 Purification of the target proteins

The S and His.tags were attached to the target proteins so they could be purified by

affinity chromatography. Cleavage with thrombin would then yield the target proteins with

only a Gly-Ser dipeptide attached to the N-terminal methionine. The S'Tag Thrombin

Purification Kit is designed to conduct both the purification and thrombin cleavage steps to

yield the purified target protein, in this case, the putative esterases. Cell extracts were

treated with the kit according to the manufacturers instructions. However, all three of the

fusion proteins failed to bind to the chromatography gel and simply eluted with the rest of

the cell proteins. An attempt was also made to purify the proteins via the His'tag with

Swellgel@ Nickel Chelated Discs. Again, the fusion proteins did not bind to the nickel-

containing matrix and eluted in the first step. As a result, the fusion proteins could not be

separated from the rest of the cell proteins.
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Figure 6.7. Esterase activity of whole cells, induced (l) and uninduced (U), of Rosetta-42,
Rosetta-A7, Rosetta-B28 and Rosetta-43.1b. Units of esterase activity are defined as

¡.rmoles of pNP liberated per minute per mg of dry cell weight. Results are the average of
triplicate determinations t standard deviations. Columns with ditferent letters are
significant at the 5% level according to the Multiple Range Test.

Figure 6.8. Esterase activity of cell extracts of Rosetta-A2, Rosetta-A7, Rosetta-B28 and
Rosetta-43.1b, induced (l) and uninduced (U). Units of esterase activity are defined as

¡rmoles of pNP liberated per minute per mg of dry cell weight. Results are the average of
triplicate determinations t standard deviations. Columns with different letters are
significant at the 5% level according to the Multiple Range Test.
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6.3.7 Thrombin treatment of the total cell extracts

ln an attempt to cleave the tags from the putative esterases, cell extracts were treated

with thrombin without prior purification. Cleavage of the recombinant proteins with

thrombin should result in the removal of a 58.9 kDa peptide that consists primarily of the

Nus, His and S'tags. This should yield the putative esterases with only a Gly-Ser dipeptide

attached to the N{erminal and the change should be visible on an SDS-PAGE gel as the

predominant band is reduced from approximately 90 kDa to 30.8 kDa (Rosetta-42), 31 .1

kDa (Rosetta-A7), and 34.7 kDa (Rosetta-828).

The results of the SDS-PAGE analysis following thrombin treatment are shown in Figure

6.9. Bovine thrombin is a dimer consisting of 31 kDa and 5.7 kDa chains. ln the thrombin

sample (thrombin in Bugbuster Master Mix), a very feint band close to 31 kDa is seen, but

this band is not distinguishable from other bands in any of the cell extracts. The smaller

chain (5.7 kDa) is too small to be retained on the gel. The predominant band in the pET-

43.1b (induced) extract appears slightly smaller than 66.2 kDa. When the protein from

pET-43.1b is cleaved with thrombin, a 58.9 kDa peptide is produced, which could be

associated with the band observed close to 66 kDa. AT.3 kDa peptide is also produced,

but this is too small to be retained by the gel.

When the protein derived from pET-43.1b-A2 is cleaved by thrombin, two proteins should

be produced; one represents EstA2 with the Gly-Ser dipeptide attached to the N-terminal

(30.8 kDa) and the other is the removed tags (58.9 kDa). Similarly, when thrombin cleaves

the protein derived from pET-43.1b-47 to yield proteins of 31.1 kDa (EstA7 plus Gly-Ser)

and 58.9 kDa (the tags). The predominant bands seen in each of the extracts derived from

Rosetta-42 and Rosetta-A7 cultures following induction are close to 97 kDa. These bands

are similar to those seen in Figure 6.5, suggesting neither of these proteins have been

cleaved by thrombin. When the protein produced by pET-43.1b-828 is cleaved by

thrombin, two proteins are produced; one is the removed tag (58.9 kDa) and the other is

EstB28 with the Gly-Ser dipeptide attached (34.7 kDa). The predominant band seen in the

extract prepared from Rosetta-929 following induction is close to 66 kDa, which could

correspond to the tag (58.9 kDa). ln the same sample, a feint band between 31 and 45

kDa is seen (arrow). This could be associated with EstB28 with the Gly-Ser dipeptide

attached (3a.7 kDa).
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6.4 Discussion

The ORFs of three putative esterase genes identified in O. oeniwere expressed in E. coli.

A cell extract derived from the strain containing the ORF of estA2 (Rosetta-A2) following

induction produced a band of approximately 97 kDa when analysed by SDS-PAGE

(Figure 6.5); no corresponding band was observed in the extract of the same strain which

had not undergone induction. Whole cells of Rosetta-A2 had significantly higher esterase

activity following induction compared to both the Rosetta-42 culture without induction and

the control strain, Rosetta-43.1b. A similar result was seen for the cell extract derived from

Rosetta-A2, which had significantly higher esterase activity than the extract from

uninduced Rosetta-A2 and the Rosetta-43.1b extracts. The increase in esterase activity

observed in whole cells of Rosetta-42, and the cell extract derived from them, confirms

estA2 codes for a lipolytic enzyme and that the ORF of this gene has been successfully

cloned.

Bands close to 97 kDa in size associated with EstAT and EstB28 were also observed in

the corresponding cell extracts following induction (Figure 6.5). The esterase activity of

the whole cells and cell extracts derived from these strains was minimal and not

significantly different to the control strain. From the work conducted here, it is not possible

to conclude if estAT and estB2ï are esterase genes, because neither caused an increase

in esterase activity when expressed in E. coli.

EstA from Lc. lactis, which has significant sequence similarity to EstA from O. oeni, was

previously cloned in E. coliand a detailed characterisation of the purified enzyme was

conducted (Fernandez, et al., 2000). While it would be interesting to compare the activity

of EstA from Lc. /acfrs with EstA from O. oeni, it was not possible because EstA could not

be purified. ln this work, target proteins were produced in E. coliwith His and S'tags to

allow for purification by affinity chromatography. Attempts to purify the fusion proteins

using both these tags failed because the proteins did not bind to the matrices. A possible

reason for this is that the affinity tags are located in between the bulky Nus'tag and the

target proteins (Figure 6.1), which prevented any contact between the tags and the

matrices. To over come this problem, the proteins could have been purified under

denaturing conditions (e.9. in the presence of 6 M urea), which should help expose the

affinity tags. However, this was not a suitable option because a functional enzyme was

needed following purification for characterisation work. As a result, the recombinant

proteins, including EstA, were not purified and could not be characterised further.
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While esterase activity was seen in Rosetta-42 (and the extract derived from it) following

induction, no increase in activity was observed in either Rosetta-47 or Rosetta-B28 (or the

corresponding extracts). From the work conducted here, it is not possible to conclude

whether EstAT and EstB28 are lipolytic enzymes. However, there are several possible

reasons why activity was not observed, if EstAT and EstB28 are in fact esterases. One of

the primary reasons is that the protein tags attached to the putative esterases could be

causing protein mis-folding, instability, or steric hindrance. While protein tags are valuable

for enhancing solubility, immunochemical detection, and protein purification, their

attachment can cause unpredictable and undesirable physicochemical changes to target

proteins. Such physicochemical changes can affect the activity of some enzymes. For

example, a short poly-histidine tag attached to lactate dehydrogenase caused a reduction

in that enzymes activity, which was presumed to be due to the protein mis-folding

(Halliwell, et al., 2001). ln another study, a short affinity tag caused a decrease in the

activity of aminopeptidase B (Cadel, et al., 2004). The biological activity of non-enzymatic

proteins have also been reported to change when expressed as fusion proteins (Bauman

and Church, 1999; Fonda, et al., 2002).

More specifically, problems with the Nus'tag have been previously reported. Proteins

attached to NusA can appear to be soluble, but not be biologically active. lt is thought

NusA enables the target protein to exist in a intermediary folded state which is not

susceptible to aggregation, but which prevents it from functioning (Nallamsetty and

Waugh, 2006). This could be the case for EstAT and EstB28 that appear to be soluble

(albeit partially for EstAT), but have no esterase activity. lt is possible the presence of the

Nus, His and S'tags, which combined are 535 amino acids in length, are causing

physicochemical changes to the putative esterases and thereby inhibiting enzyme activity

Clearly, the solution would be to cleave the tags from the putative esterases, which was in

fact attempted. When it was not possible to purify the proteins by affinity chromatography,

thrombin was added directly to the total cell extracts. As Figure 6.9 shows, EstB28 was

cleaved from the tags by thrombin, but still no esterase activity was seen in the extract

(data not shown). EstA2 and EstAT were not cleaved by the thrombin (Figure 6.9). The

nucleotide sequences surrounding the ORF inserts in pET-43.1b-42 and pET-43.1b-47,

including the engineered thrombin site, were confirmed to be correct, so it is unclear why

these proteins were not cleaved. lnterestingly, EstA2 was able to function with the tags

attached, seen in the significant increase in esterase activity.
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A second possible reason why EstAT and EstB28 lack lipolytic activity is the esterase

assay conditions may have been unsuitable for enzyme function. ln an attempt to

elucidate this further, two important parameters influencing esterase activity were briefly

investigated. The pH of the assay buffer and the incubation temperature were varied

across the ranges 4.0 -7.0 and 22 - 45'C respectively, but esterase activity was not

detected under any conditions (data not shown). To allow for possible substrate

specificities of EstAT and EstB28, shorter (pNP-acetate and -butyrate) and longer (pNP-

decanoate) ester substrates were also investigated. However, esterase activity was not

seen towards any of the ester substrates (data not shown).

A third possible reason esterase activity was not detected in EstAT or EstB28 is because

a cofactor requirement was not met in the assay. Metal ion cofactors are essential for

either the structural stability or the catalytic mechanism of many enzymes. Calcium is an

important cofactor of a group of bacterial lipases classified by Arpigny and Jaeger (1999)

as 'true lipases' (Group l). lncluded in this group are lipases from a number of

Pseudomonas species (some of which have since been reclassified as Burkholderia

species) (Noble, et al., 1993; Kim, et al.,1997; Yang, et al., 2000), Chromobacterium

viscosum (Lang, et al., 1996), and Staphylococcus species (van Oort, et al., 1989;

Simons, et al., 1996). The amino acids that form calcium ligands in lipases of

Pseudomonas cepacia, Pseudomonas glumae, and Chlorobacter viscosum are located

close to the active site histidine, suggesting the calcium cofactor plays a role in stabilising

the active site catalytic triad of those enzymes (Noble, et al., 1993; Lang, et al., 1996; Kim,

et al., 1997). EstAT and EstB28 do not show significant sequence similarity to Group I

lipases, and there are no documented cofactors for the enzymes of Group lV or Group V

to which they belong. Moreover, the esterases of Lactobacillus and Lactococcus species

that are similar to those from O. oeniwere able to function when expressed in E. coli

without any specific cofactors (Fernandez, et al., 2000; 2003b). lt is possible O. oeni

lipolytic enzymes are unique and require the presence of a cofactor that was absent from

the assay, but further investigation would be required to determine whether this is the

case.

Accessory proteins are required for some bacterial lipolytic enzymes to be translocated

and folded correctly. Lipase-specific foldases (Lifs) are one example of accessory proteins

required to mediate the folding of particular bacterial lipolytic enzymes. The role of Lifs is

to accelerate the rate-limiting steps of protein folding in a role similar to that of steric

chaperones (El Khattabi, et al., 2000; Rosenau, et al., 2004). LimA from P. cepacia (since

reclassified as Burkholderia cepacia) was the first Lif to be identified and characterised
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(Jørgensen, et al., 1991). While LimA is not required for either transcription or translation

of the corresponding lipase gene, lipA, it is required for LipA to have catalytic activity

(Hobson, et al., 1993). Lifs have since been identified in a range of Gram-negative

bacteria including Acinetobacter calcoaceticus (Kok, et al., 1995; Sullivan, et al., 1999),

Vibrio cholerae (Ogierman, et al., 1997) and other Pseudomonas or Burkholderia species

(Chihara-Siomi, et al., 1992; lhara, et al., 1992; Frenken, et al., 1993). Currently there is

no evidence that Gram-positive bacteria, including O. oeni, produce proteins analogous to

Lifs, however this is yet to be clarified.

Recently, genes involved in the production of sibling killing factor SKA were found to be

essential for the optimal production of a Bacillus subf/rs extracellular lipase (LipA)

(Westers, et al., 2005). The authors suggested SkfA could act as a folding catalyst for

LipA, but the results of in vitro unfolding/folding experiments elucidating this further have

not been published to date. Lipases from Sfaphylococcus species are produced as pre-

pro-enzymes; the pre-region is a signal peptide, the pro-region acts as a chaperone for

translocating the lipase and is cleaved by extracellular proteases to yield the mature

lipase (Götz, et al., 1998). No accessory proteins, such as foldases, were required to

produce functional, recombinant lipolytic enzymes from LAB in previous studies. Also, no

LAB lipolytic enzymes have been reported to be produced as pro-enzymes with

chaperone proteins. Based on these observations, it is unlikely O. oeniesterases rely on

accessory proteins or are produced as pro-enzymes, however, this cannot be ruled out

based on the results of this project and further work is required to confirm this.
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6.5 Gonclusions

The ORFs of three putative lipolytic enzyme genes from O. oeni were cloned in E. coli.

The expression of the ORF trom estA2 conferred significantly higher esterase activity to E.

coli following induction, confirming estA2 is a lipolytic enzyme gene. This represents the

first lipolytic enzyme gene to be cloned from O. oeni. While it would have been valuable to

conduct a thorough biochemical characterisation of the recombinant esterase, EstA2, it

was not possible in this study. The esterase could not be characterised in detail, because

it could not be purified by affinity chromatography from the remainder of the cell proteins.

It is speculated that the purification problems arose from the affinity tags being blocked by

the large solubilising NusA protein. There is clearly scope for further investigation to be

conducted with esfA2, in particular to repeat cloning the ORF using a more suitable

plasmid, which will allow the recombinant protein to be purified and characterised in detail

It is not possible to determin e if estA7 and estB2? code for lipolytic enzymes, because no

esterase activity was detected when the ORFs were cloned in E. coli. There are a number

of plausible reasons why EstAT and EstB28 could not function, if they are assumed to be

lipolytic enzymes. Possible factors are primarily related to the presence of a large fusion

tag and include steric hindrance of the active site and incomplete or incorrect esterase

folding. There could also have been inappropriate conditions in the esterase assay for the

enzymes to function, such as inappropriate pH or temperature. Also, a cofactor

requirement may not have been met. Finally, accessory proteins may be required for O.

oeni lipolytic enzymes to be produced or to function. For example, lipase-specific

foldases, folding catalysts and translocation chaperones, all of which have been reported

in bacterial lipolytic enzyme systems previously. Without further work, it is not possible to

determine if estAT and esfB28 are part of the lipolytic systems of O. oeni.
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CHAPTER 7

GENERAL DISCUSSION AND FUTURE DIRECTIONS

ln this project, lactic acid bacteria (LAB) were investigated as a potential source of

enzymes for use in winemaking. Enzymes present in wine can be derived from a number

of sources, including the grape berry, yeast during alcoholic fermentation, and LAB during

malolactic fermentation (MLF). ln addition, exogenous enzymes may be added by the

winemaker. Concentrated enzyme products available for application in winemaking are

usually derived from organisms not typically associated with grapes or wine, primarily

species of Aspergillus and Trichoderma (van Rensburg and Pretorius, 2000). The

physicochemical conditions of wine, which include low pH, low temperatures, and the

presence of inhibitors such as ethanol, can have deleterious effects on the stability or

functioning of such enzymes. As a result, there is scope for identifying alternate sources

of enzymes for application in winemaking. Being able to thrive in both grape juice and

wine, LAB represent a potential source of such enzymes, which until now has not been

thoroughly investigated.

The first stage of this project involved screening an LAB culture collection for a range of

enzymes that could be useful in winemaking. Based on the results of this screen, and the

importance of esters in wine, the second stage of this project investigated the lipolytic

enzymes further. A biochemical characterisation was conducted using selected strains

and focussed on parameters relevant to wine. ln order to study the actions of lipolytic

enzymes towards wine substrates and under wine conditions, the concentrations of

selected esters were determined before and after MLF was conducted in wine. Based on

the results of the MLF trials and following on from recent work using dairy LAB, a brief

study of the ester-synthesising abilities of Oenococcus oeniwas conducted using

substrates commonly found in wine.

The final step of this project focussed on the molecular properties of the lipolytic enzymes

of O. oeni. Comparisons were made between published sequences of enzymes and the

theoretical gene products based on the draft nucleotide sequence of the O. oenigenome,

which has subsequently been completed (Makarova, et al., 2006). Finally, the ORFs of

three putative esterases identified in O. oeniwere cloned, overexpressed in E. coli, and

attempts were made to purify the recombinant proteins for characterisation purposes.
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A survey of LAB for enzymes of interest to oenology

Methods for the detection of enzymes with potential uses in winemaking were identified

and an LAB collection was screened for the production of each. For convenience,

substrates not likely to be found in grape juice or wine were used where necessary. A

collection consisting of 50 strains from the three wine genera, namely Lactobacillus,

Pediococcus, and Oenococcus was screened. Most of these strains were originally

isolated from commercial LAB starter cultures for use in winemaking.

Lipolytic enzymes, which are capable of hydrolysing ester bonds, consist of esterases and

lipases, both of which were sought in this project. Due to the wide range of esters found in

wine, three different esterase substrates were examined. ln general, the lactobacilli and

pediococci were weakly esterolytic towards all three of the substrates (Figure 2.1). Activity

was significantly higher among the O. oeni, although large strain variation among the

strains was observed; there was a greater than three-fold difference in activity between

the strongest and weakest strains. Clearly, these enzymes warranted further investigation,

particularly given that esters are key determinants of wine flavour and quality.

Lipolytic enzymes with activity towards triglycerides, that is the lipases, were detected

using tributyrin. lnterestingly, activity towards tributyrin was seen far less frequently

amongst the strains than activity towards the other ester substrates. Degradation of

tributyrin was only observed in three Lactobacillus strains and was absent from all of the

pediococci and O. oeni. Based on the strains having different lipolytic activity profiles,

particularly towards the triglyceride substrate, it can be speculated that there are

fundamental differences in the lipolytic enzymes of LAB, but this remains to be elucidated.

Research in this area should now be directed towards the three tributyrin-degrading

lactobacilli strains identified in this project. ln particular, a study determining whether these

strains have activity towards grape and wine lipids would help to define the potential

applications of LAB lipases in commercial winemaking.

Despite the importance of tannins to red wine colour, mouthfeel and quality, there has

been little work examining the tannin-degrading abilities of wine LAB. This is particularly

surprising given MLF is carried out in most red wines (Lonvaud-Funel, 1999). ln this

project, LAB from all three genera were found to produce enzymes capable of degrading

the substrate methyl gallate. Generally, activity was higher among the lactobacilli and O.

oenicompared to the pediococci, although there were some exceptions (Figure 2.2).

These results contradict a previous report that used a similar method to the current study,

but found O. oenistrains isolated from grapes and wine had no hydrolytic activity towards
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methyl gallate (Vaquero, et al., 2004). Tannase activity has, however, been reported

among lactobacilli (Osawa, et al., 2000; Nishitani, et al., 2QQ4; Vaquero, et al., 2004) and

streptococci (Osawa, 1990). Gallic acid, a product of methyl gallate hydrolysis, has been

shown to stimulate both the growth and malolactic activity of O. oeni, which suggests this

organism may use tannases to procure nutrients in wine (Vivas, et al., 1997), lnteresting

work remains to be conducted to determine whether LAB tannases are active towards

wine tannins and if they are an effective alternative to proteinaceous fining agents.

Polysaccharides can cause wine processing problems, such as prolonged settling times,

high viscosity juices and wines, and filter blockages. The broad range of polysaccharides

found in grape juice and wine was reflected in the selection of four different substrates for

examination. Hydrolytic activity was seen towards all substrates, except xylan, which no

strain was able to hydrolyse (Table 2.3). ln general, cellulase and B-glucanase activity

was common amongst the lactobacilli and pediococci, but less frequent amongst the O.

oeni. Having shown that they possess polysaccharide-degrading activity, wine LAB could

now be explored as a means of removing polysaccharides from grape juice and wine to

overcome some of the problems arising from the presence of these macromolecules. Key

benefits of polysaccharide-degradation includes better juice yields (Berg, 1959; Haight

and Gump, 1994) and greater extraction of colour and flavour compounds from grapes

(Wightman, et al., 1997; Bakker, et al., 1999; Pardo, et al., 1999). More specifically, being

structurally similar to a B-glucan produced by Botrytis cinerea, the ability of LAB to

degrade lichenan is of particular interest in oenology (Strauss, et al., 2001). Aside from

possible applications in wine processing, polysaccharide-degrading enzymes from LAB

may also be involved in yeast autolysis. An earlier study revealed O. oeniproduces an

extracellular B-glucanase that is capable of degrading yeast cell wall polysaccharides,

suggesting this organism may play a role in yeast autolysis (Guilloux-Benatier, et al.,

2000). lt would now be interesting to conduct similar work with the B-glucanase-producing

strains identified in the current study to determine their activity towards yeast-derived

polysaccharide su bstrates.

The greatest limiting factor preventing further work on polysaccharide-degrading enzymes

is a lack of suitable substrates. There are currently no substrates readily available for

detecting these enzymes in a liquid-based assay. Regardless, the polysaccharide-

degrading enzymes remain of interest in oenology, especially given the wide range of

applications they could have in wine production.
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Biochemical characterisation of the esferase activities of LAB

Based on the results of the initial screen, the lipolytic enzymes were selected for further

investigation. Although the lipolytic enzymes of numerous LAB have been characterised

previously, none of this work was conducted in a wine context. This is particularly

surprising given the contribution esters make to wine flavour. To this end, a biochemical

characterisation was conducted on the three strains from each genus found to have the

highest esterase activity towards p-nitrophenyl acetate. This work focussed on examining

the enzymatic activity under important wine conditions, namely low pH, low temperature

and in the presence of ethanol.

ln general, the bacteria were found to have a broad pH activity range (Figure 3.1), an

observation which has also been made of dairy LAB (Chich, et al., 1997; Castillo, et al.,

f 999). A broad range of activity was also observed with regards to temperature (Figure

3.2). Perhaps the most interesting result was the effect of increasing ethanol

concentration on the esterase activity of O. oeni, which was stimulated by the higher

ethanol concentrations up to a maximum at around 16% (Figure 3.3). Such a stimulation

is analogous to that reported for B-glucosidase activity in LAB (Grimaldi, et al., 2000;

2005a; 2005b). The mechanism of this effect is unknown, but could be attributed to

ethanol altering the cell membrane, allowing greater substrate-enzyme interaction. Further

study of the effect of ethanol on LAB would be valuable, because it would have

implications after alcoholic fermentation, which coincides with the time that wines are

often inoculated with O. oenifor MLF (Liu, 2002).

Generally, strains were found to have greater activity towards short-chained esters

compared to long-chained esters (Figure 3.4). A similar result has also been reported for a

number of dairy LAB (El Soda, et al., 1986c; Castillo, et al., 1999; Fenster, et al., 2000;

Macedo, et al., 2003). An exception to this was found for one Pediococcus strain (Ped18)

which had significantly higher activity towards the C10 and C14 esters than any other

substrate. These results suggest the likely substrates for most LAB, including O. oeni, in

wine are short chained esters. Examples of such esters include ethyl acetate, ethyl

butyrate, and methyl acetate, all of which are frequently identified in wine. Ester taint is

usually associated with elevated concentrations of ethyl acetate (Sponholz, 1993), but

other esters such as methylbutyl acetate, can also contribute to the problem (Sponholz, et

al., 1982). Having specificity for short chained esters, such as ethyl acetate, the lipolytic

enzymes of wine LAB may be effective in treating ester tainted wines. However, more

work is required to develop a suitable protocol for application of these strains or their

extracts.

153



MLF and ester synthesis fnals

Having conducted a thorough biochemical characterisation using artificial substrates in

buffer-based assays, it was essential to examine the enzymes under wine conditions and

towards wine substrates. Given the magnitude of the esterase activity of O. oeni, and

because this is usually the preferred species for conducting MLF in commercial

winemaking, O. oeniwas chosen to be studied in wine, Six strains oÍ O. oeniconducted

MLF in Chardonnay and Cabernet Sauvignon wines and the concentration of selected

esters was determined before and after MLF; these strains were chosen because they

displayed particularly high or low esterolytic activity (Chapter 2). Ester concentrations

were found to both increase and decrease during MLF, although many of these changes

may not have been significant (Table 4.4). Having found that O. oeni are capable of

hydrolysing esters, it was interesting that the greatest change seen during MLF involved

ester synthesis; all strains produced significant increases in ethyl lactate, an observation

that has been reported previously (Pilone, et al., 1966; Maicas, et al., 1999; Ugliano and

Moio, 2005). Classification of the six strains of O. oenias having either 'high' or 'low'

activity was reflected in the magnitude of ethyl lactate change; more ethyl lactate was

produced by the 'high' esterase strains than the 'low' esterase strains.

Although all six strains of O. oeniproduced esters during MLF in wine, this activity was not

reproduced in the ester synthesis trial. No O. oeni were found to produce esters in the

presence of alcohol and acid substrates. lt is possible that the experimental conditions

used in this work, such as buffer pH or incubation temperature, were inappropriate for the

enzymes involved in ester synthesis to function. Alternatively, esters might not be

synthesised by O. oenivia an esterification reaction from these substrates. lnstead, they

might be produced via an interesterification mechanism using different substrates (Figure

4.1). Alcoholysis has been suggested as the mechanism by which some dairy LAB,

including streptococci, synthesise esters (Liu, et al., 2003). Clearly a detailed investigation

is required to determine the mechanisms by which O. oenisynthesises esters in wine.

Molecular characterisation of O. oeni esferase sysfem

The final stage of this project involved conducting a genetic characterisation of the lipolytic

genes of O. oeni. Although there is a distinct lack of data pertaining to these genes in O.

oeni, analogous work has been carried out on other LAB, including lactobacilli (Fenster, et

al., 2000, 2003a and 2003b; Choi, et al., 2004) and lactococci (Fernandez, et al., 2000).

Data from those strains, in conjunction with the recently published genome sequence of

O. oeniPSU-1 (Makarova, et al., 2006), was used to identify the ORFs of three putative

lipolytic enzyme genes in O. oeni. Nucleotide sequencing of the three ORFs revealed
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lOO% homology between the strain used in this project (O.oeni9) and O. oenl PSU-1 for

two of the ORFs (estA2 and esfÁZ) (Figure 5.2 and 5.3). Two base substitutions were

seen in a third ORF (Figure 5.4), estB28, but neither of these were located close to the

amino acids believed to be involved in catalysis (Figure 5'9)'

lnterestingly, O. oenishowed no sequence homology to esf/ lrom Lactobacillus casei

(Choi, et al., 2004) or esfA from Lactobacillus helveticus (Fenster, et al., 2000). This result

confirms there are differences in the lipolytic enzyme systems of LAB, at least on a genus

level. Such differences may account for the variation in lipolytic activity observed between

various strains used in this project (Chapters 2 and 3). ln particular, this could account for

the fact that no O. oeniwere able to degrade the triglyceride substrate, but three

lactobacilli could; perhaps some lactobacilli produce an enzyme with activity towards

triglycerides which is not produced by O. oeni. Also, these genetic differences may

account for the different substrate specificity profiles seen amongst the nine strains

studied in the biochemical characterisation.

Bacteria with proteins similar to EstA2, EstAT and EstB28 were identified using an online

database. The proteins with greatest similarity to EstA2 and EstAT were from LAB,

including some from species not found in wine, such as Lactococcus /acfis and a number

of Súrepfococcus species (Figure 5.8). Oenococcus oeniappears to be unique amongst

LAB in that it produces two distinct proteins with high similarity (EstA2 and EstAT). While

EstA2 and EstAT were similar to proteins from lactococci and streptococci, most of the

peptides with homology to EstB28 were from Lactobacillus species, including Lb. iohnsonii

and Lb. gasseri (Figure 5.9). lnterestingly, some non-LAB species were also among the

most similar strains, including Bacillus cereus and Bdellovibrio bacteriovorus. These

findings further highlight the notion that different LAB have different lipolytic enzymes

systems and again this may explain the differences in activity observed between the three

genera in Chapter 3.

An examination of the deduced protein sequences of the three putative esterase genes in

O. oenirevealed several motifs commonly found in lipolytic enzymes, including the

nucleophilic elbow pentapeptide, catalytic triad and oxyanion hole residues (Figures 5.8

and 5.9). The classification system developed specifically for bacterial lipolytic enzymes

proposed by Arpigny and Jaeger (1999) was valuable in classifying the putative lipolytic

enzymes. According to this system, two of the putative esterases (EstA2 and EstAT)

belonged to the Group V enzymes, which are often produced by mesophilic bacteria. The
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third esterase (EstB28) showed motifs characteristic of Group lV enzymes, which have

homology to mammalian hormone-sensitive lipase.

Expressing putative esferases from O. oeni rn E. coli

ln an attempt to confirm that the genes identified in O. oenicode for lipolytic enzymes, the

ORF of each was cloned and overexpressed in E. coli. Overexpression of the ORF of

estA2 resulted in elevated esterase activity in E. coli, effectively confirming that esfA2

codes for a lipolytic enzyme (Figures 6.7 and 6.8). Unfortunately, the design limitations of

the cloning vector pET-43.1b prevented the EstA2 from being purified and also prevented

the fusion tags from being removed.

Anomalously, no esterase activity was seen in the strains harbouring the ORFs of estAT

or estB27. There are a number of possible reasons why activity was not detected,

assuming EstAT and EstB28 are lipolytic enzymes. For example, an unknown cofactor

may be required for the enzymes to function, the conditions of the esterase assay may

have been inappropriate for esterase assay, or the protein tags attached to the target

protein may have inhibited the enzyme from functioning. Therefore, based on the results

of this project, it is not possible to determine whether estAT and estB2? are in fact lipolytic

enzyme genes.

To overcome some of the problems encountered in this work, the three ORFs need to be

cloned into a different plasmid. ldeally, such a plasmid would code for a terminal affinity

tag on the target protein to guarantee accessibility to the chromatography matrix during

purification. ln addition, the plasmid would promote protein solubility to avoid the

production of inclusion bodies, which were a problem in this project (Figure 6.3). A

candidate tag is the maltose-binding protein tag which promotes the solubility of target

proteins in the same way NusA does (Nallamsetty and Waugh, 2006), but also acts as an

affinity tag in an amylose matrix (Terpe, 2003).

Purification of the recombinant proteins would allow a thorough characterisation of the

enzymes to be conducted, again focussing on important wine parameters. Essentially, this

would involve replicating some of the work carried out here but using purified enzyme, in

place of whole cells of O. oeni. Finally, the purified enzyme could be added to wine to

study its effect on wine esters and under wine conditions. ln particular, it would be

important to determine if the purified enzyme was able to decrease the concentration of

problem esters in wine with ester taint, and whether the change is perceivable by sensory

analysis.
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An examination of the recombinant protein itself would also be of great value. lnhibitor

studies could determine if the catalytic triad proposed in Chapter 5 (histidine-serine-

asparagine) is responsible for catalysis. Similar work conducted on an arylesterase cloned

from Lb. casei used inhibitors phenylmethylsulfonyl fluoride, diisopropyl fluorophosphate

and Pepstatin A to confirm histidine, serine and asparagine respectively, were essential

for catalysis (Fenster, et al., 2003b). ln addition, site-directed mutagenesis could be used

to determine whether the amino acid residues tentatively identified in this project (Figures

5.8 and 5.9) are involved in catalysis. The histidine and serine residues essential for

catalysis in an esterase from Lb. helveticus were successfully identified in this way

(Fenster, et al., 2000).

ln summary, this project has shown that wine LAB produce a range of enzymes of interest

to oenology. ln many cases such activities associated with whole cells are active under

wine-like conditions. As a result, LAB represent an important and largely novel potential

source of enzymes for use in winemaking. A more detailed characterisation of such

activities in whole cells, or a purified state, will benefit winemaking in two ways. Firstly, it

will allow an informed choice of MLF culture to be made based on activities beyond

decarboxylation of malic acid. Secondly, it will assist in the development of novel enzyme

preparations for use in winemaking to achieve specific outcomes in terms of key

contributors to the sensory and physicochemical properties of wine.
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APPENDIX

MEDIA, BUFFERS AND SOLUTIONS

TAE (DNA Electrophoresis)

40 mM Tris-acetate
1 mM EDTA pH adjusted to 8.0

Luria Bertani (LB) Medium

1 % tryptone
0.5 % yeast extract

1 % NaCl sterilised by autoclave (121"C,20 minutes)

Gompetent Cell Buffer

60 mM CaClz
15 o/o glycerol
10 mM PIPES pH adjusted to 7.0

Transformation Buffer

10 mM Tris-HGl
10 mM MgCl2
10 mM CaClz sterilised by autoclave

Goomassie Blue Stain Solution

40 o/o

7%
0.1 %

(v/v) ethanol
(v/v) glacial acetic acid
(w/v) Coomassie BrilliantBlue (G250, BioRad)

Goomassie Blue Destain Solution

2Q o/o (vlv) ethanol
7 % (vlv) glacial acetic acid

Transfer Buffer (Western blot)

25 mM Trizma Base (Sigma)
150 mM glycine
20 % (vlv) methanol pH adjusted to 8.3
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BSA Blocking Solution (Western blot)

25 mM Trizma Base (Sigma)
2.5 % (w/v) BSA

0.15 M NaCl
0.05 % (v/v) Tween 20 pH adjusted to 7.6

Western Wash Buffer (Western blot)

25 mM Trizma Base (Sigma)
150 mM NaCl

0.05 % Tween 20 pH adjusted to 7.6

HisProbe-HRP Solution (Western blot)

2 pL HisProbe-HRP, reconstituted (Pierce)
10 mL BSA Blocking Solution
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