
Glutathione Accumulation in Lactococci 

ABSTRACT 

Glutathione accumulation was quanti- 
fied in cell-free extracts prepared from 
Lactococcus lactis ssp. crenwris C2 and 
Z8 cultures grown in milk and milk sup- 
plemented with the AA precursors to 
glutathione or to glutathione. Accumula- 
tion of glutathione was detected with 28 
in all three media (5.6, 12, and 470 nmoV 
mg of protein, respectively); however, no 
accumulation of glutathione was detected 
with C2. After growth of these strains 
in defined broth and defined broth 
supplemented with glutathione or the 
glutathione precursors, only the cell- 
free extract of Z8 grown with gluta- 
thione supplement contained detectable 
amounts of glutathione (372 nmol/mg 
protein). When [35S]Cys was added to 
the defined broth containing the gluta- 
thione AA precursors, neither strain ac- 
cumulated [35S]glutathione. Supplemen- 
tation of the defined broth with 
[35S]glutathione resulted in accumulation 
of [35S]glutathione in 28, but not in C2. 
Although 28 can transport glutathione, it 
is not capable of glutathione synthesis. 
However, C2 is incapable of both 
glutathione transport and glutathione 
synthesis. Additionally, Z8, C2, and a 
variety of other lactic acid bacteria were 
examined for y-glutamyl-transferase ac- 
tivity; no activity was observed with any 
of the lactic acid bacteria examined. 
(Key words: glutathione, lactococci, 
cheese flavor) 

Abbreviation key: GSH = glutathione; y- 
GTP = y-glutamyl-transpeptidase. 
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INTRODUCTION 

Glutathione (GSH) accumulation and 
hydrolysis by lactic acid bacteria is of interest 
because GSH is thought to play a role in 
cheese flavor development. Previous investiga- 
tors demonstrated that the addition of GSH to 
cheese slurry systems increased bacterial 
growth, proteolysis, stability and activity of 
esterases, enhanced formation of methanethiol 
and hydrogen sulfide, and improved the de- 
velopment of characteristic Cheddar cheese 
flavor (7, 8, 10, 14). Additionally, incorpora- 
tion of GSH during low fat cheese manufac- 
ture resulted in low fat cheese with higher 
flavor intensity and improved texture. The im- 
provements in low fat cheese flavor and tex- 
ture were correlated with faster production of 
soluble nitrogenous compounds and VFA (4). 
These results suggest that GSH may play an 
important role in the development of cheese 
flavor and that increased accumulation of CSH 
in low fat cheese may enhance the flavor and 
texture of these products. 

The mechanism by which GSH influences 
cheese flavor development is unknown; how- 
ever, possibilities include l) contribution to the 
formation of a low redox potential; 2) stabiliza- 
tion of enzymes; 3) function as enzyme cofac- 
tors; or 4) function as a precursor for sulfur 
flavor compounds, such as methanethiol and 
hydrogen sulfide (14, 17). Results indicating 
that inhibition of y-glutamyl transpeptidase (y- 
GTP) reduced the accumulation of methane- 
thiol and hydrogen sulfide (14) suggest that 
GSH hydrolysis products may serve as a 
precursors to these sulfur flavor compounds. 
Although y-GTP is naturally present in milk, 
this enzyme is sensitive to pasteurization (12); 
therefore, we determined whether cheese- 
related lactic acid bacteria could serve as a 
source of this enzyme in the cheese matrix. 

We previously demonstrated (6) that lactic 
acid bacteria differ significantly in their ability 
to accumulate GSH. Accumulation of GSH 
was detected in strains of Lactococcus lactis 
ssp. cremoris, Lactococcus lactis ssp. lactis 
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biovar. diacetylactis, Lactobacillus helveticus, 
Streptococcus salivarius ssp. themphilus,  
and Leuconosroc mesenteroides ssp. cremoris. 
An examination of the effect of growth condi- 
tions on GSH accumulation by L. lactis ssp. 
cremoris Z8 indicated that growth medium 
composition was the most significant factor 
affecting GSH accumulation. Supplementation 
of milk with the GSH constituent AA (Glu, 
Cys, and Gly) increased GSH accumulation 
5-fold; supplementation of milk with GSH in- 
creased GSH accumulation 95-fold. The en- 
hancement of GSH accumulation as a result of 
supplementation with the GSH constituent AA 
suggested that 28  can synthesize GSH; how- 
ever, results were similar with Saccharomyces 
cerevisiae, an organism that does not synthe- 
size GSH (1). The 95-fold increase in intracel- 
lular GSH concentration of 28, when it is 
grown in milk supplemented with GSH, indi- 
cates that this organism is capable of transport- 
ing GSH. 

An objective of this study was to determine 
whether the mechanism by which GSH is ac- 
cumulated in lactococci is solely transport of 
the GSH that is present in the medium or 
whether lactococci can synthesize GSH. 

MATERIALS AND METHODS 

Bacterial Strains 

The bacterial strains employed in this study, 
growth conditions, and sources are listed in 
Table 1. To examine the ability of L. lactis 
ssp. cremoris 28 and L. lactis ssp. cremoris C2 
(previously designated L. lactis ssp. lactis C2) 
to synthesize GSH, a defined medium 
described by Jensen and Hammer (9) and con- 
taining 1% glucose was used. Working cul- 
tures were prepared from frozen stocks through 
two transfers in an appropriate medium. 

Growth in Skim Milk 

Pasteurized, homogenized skim milk 
(University of Wisconsin-Madison) was cen- 
trifuged at 15,300 x g for 15 min at 4°C to 
remove denatured proteins and other materials. 
For experiments examining the effect of sup- 
plements, the following 150-g samples were 
prepared: 1) unsupplemented milk, 2) milk 
supplemented with .1 mM GSH (final concen- 
tration; Sigma Chemical Co., St. Louis, MO), 
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and 3) milk supplemented with .1 mM AA 
(final concentration of each, Glu, Cys, and 
Gly; Sigma Chemical Co.). Scpplements were 
freshly prepared and filter-sterilized (.45 pm). 
The milk was inoculated with 2% of a 
3-h Elliker broth (3) culture (4% inoculum 
from an overnight culture) for both strains Z8 
and C2 and incubated for approximately 8 h. 
Before harvesting, the cultured milk was ad- 
justed to pH 7.0 by the addition of 1ON NaOH, 
followed by the addition of sodium citrate 
(10% wt/vol) to a final sodium citrate concen- 
tration of 2.5% (wt/wt). Cells were harvested 
by centrifugation at 15,300 x g for 10 min at 
4'C, followed by two saline (.85% NaC1, wt/ 
vol, 4°C) washes. 

+TP Assay 

Cultures to be examined for y-GTP activity 
were grown overnight using the conditions 
described in Table 1. One milliliter of these 
cultures was harvested by centrifugation at 
4"C, washed once with 4°C .1 M K3P04 (pH 
7.0) buffer, and resuspended in .05 ml of the 
same buffer. The cell suspension (.02 ml) was 
then examined for y-GTP activity using the 7- 
glutamyl-transferase kit from Sigma Chemical 
Co. As a blank, .02 ml of the cell suspension 
was added after addition of 2.0 ml of 1.7N 
acetic acid. Reaction mixtures were cen- 
trifuged at 1090 x g for 5 min at 20°C to 
remove the cells prior to determination of ab- 
sorbance. 

Growth in Defined Broth 

Defined broth was prepared and filter- 
sterilized (.45 pm) <16 h prior to use. Sample 
size and supplements were as described for the 
milk samples. A 2% inoculum was prepared 
from a 14-h defined broth culture. The 28  and 
C2 cultures were incubated at 30'C until 4 h 
after the beginning of the stationary phase, 16 
and 12 h, respectively. Cells were harvested 
and washed as described for the milk samples. 

For experiments with radioisotopes, approx- 
imately 100 pCi of either [35S]GSH (Dupont, 
NEN Research Products, Boston, MA) or 
[35S]Cys (Amersham Corp., Arlington Heights, 
IL) were included in the GSH or AA supple- 
ment, respectively. The experiments with iso- 
topes were performed in duplicate. 
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Quantiflcatlon of GSH and Cy8 

Bacterial cells were harvested by centrifu- 
gation (9630 x g) for 10 min at 4°C. Harvested 
cells (ca. .75 g of wet weight) were washed 
once with saline ( 3 5 %  NaCI, d v o l )  at 4°C 
and once with deionized water at 4'C. The cell 
pellet was resuspended in 5 ml of lysis buffer 
[lysozyme (45,200 unitdml; Sigma Chemical 
Co.), mutanolysin (200 unitslml; Sigma Chem- 
ical Co.), 100 mM Tris-HC1, and 5 mM EDTA, 
pH 7.01. The cell suspension was incubated for 

30 min at 37°C. After the addition of SDS 
(.l% final concentration), incubation was con- 
tinued at 37°C for 15 min. Bacterial cells were 
further disrupted by five cycles of freezing and 
thawing in an acetone-* ice bath. Cellular 
debris were removed by centrifugation (27,000 
x g, 30 min, 4'C), and supernatants were used 
as cell-free extracts. The protein content in the 
cell-free extract was determined by the method 
of Lowry et al. (11) with BSA (Sigma Chemi- 
cal Co.) as the standard. 

TABLE 1. y-Glutamyl transpeptidase (7-GTP) activity in Escherichia coli DHSa and a variety of lactic acid bacteria. 

Source of 
Strain Medium' Growth 7-GTP bacteria2 

('0 (nmo~min)3 
Escherichia coli 

DH5a LB 20 31 BRL 
DH5a LB 37 20 BRL 

28 ELL 20 BLD4 LLM 
Z8 ELL 30 BLD LLM 
c 2  ELL 20 BLD LLM 
c 2  ELL 30 BLD LLM 
SKI 1 ELL 20 BLD LLM 
SKI 1 ELL 30 BLD LLM 

CNRZ32 MRS 35 BLD M U  
cNRZ32 MRS 42 BLD MEJ 

JLS20 MRS 20 BLD sc 
JLs20 MRS 37 BLD sc 

CAFl-9 M R S  20 BLD sc 
CAFT9 MRS 30 BLD sc 
ATCC 19254 MRS 20 BLD sc 
ATCC 19254 MRS 30 BLD sc 

NCDO 559 AFT 20 BLD sc 
NCDO 559 AFT 30 BLD sc 
ATCC 25745 APT 20 BLD sc 
ATCC 25745 APT 30 BLD sc 

S6 ELL 35 BLD LLM 
S6 ELL 42 BLD LLM 
ST2 ELL 35 BLD LLM 
ST2 ELL 42 BLD LLM 

Lactococcus lactis ssp. cremris 

Lactobacillus helveticus 

Lactobacillus casei 

Leuconostoc mesenteroides ssp. cremoris 

Pediococcus pentosaceus 

Streptococcus salivarius ssp. thennophilus 

LLB. (13); ELL, Elliker's broth [(3), BBL Microbiology Systems, Cockeysville, MD]; MRS [(2), BBL Microbiology 
Systems]; and APT (Difco Laboratories, Detroit, MI). 

ZBRL, Bethesda Research Laboratories Inc., Gaithersburg, MD; LLM. L. L. McKay, Department of Food Science 
and Nutrition, University of Minnesota, St. Paul, MN.; MEJ, M. E. Johnson, Center for Dairy Research, University of 
Wisconsin-Madison; and SC, stock culture collection. 

3Expressed as nanomoles of p-nitroaniline released per minute. 
4Below the limit of detection (5 unitslml). 
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Cell-free extracts were deproteinized by the 
addition of .25 volumes of a cold (4°C) 320 
mM sulfosalicylic acid, 28 mM L-ascorbic 
acid, and 4 mM EDTA solution. Precipitated 
proteins were removed by centrifugation 
(27,000 x g, 15 min, 4"C), and the clear super- 
natants were stored at -70°C. 

The GSH and Cys were quantified by 
reverse-phase HPLC. The deproteinized super- 
natants were returned to pH 7.0 by the addition 
of 17 p1 of 1ON NaOWml. Neutralized super- 
natants were added to 30 mM Na3P04 buffer, 
pH 7.0, to a total volume of 1 ml. One hundred 
microliters of 10 mM 5,5'-dithiobis(2- 
nitrobenzoic acid) (Sigma Chemical Co.) in 30 
mM Na3P04 buffer, pH 7.0, were added to 
begin the reaction. Samples were incubated at 
25°C for 30 min prior to injection. The deriva- 
tized thiol compounds were separated isocrati- 
cally using 30 mM sodium phosphate, pH 7.0, 
with 1.25% acetonitrile and 3 mM sodium 
azide on a 20-cm Hibar@ LiChrosorb@ RP-18 
(5-pm) column (E. Merck, Darmstadt, Ger- 
many) with a flow rate of 2 mumin at 20°C. 
The column effluent was monitored at 330 nm. 
Standards for GSH and Cys (Sigma Chemical 
Co.) were used to identify and to quantify the 
GSH and Cys peaks. All values were calcu- 
lated from duplicate injections of duplicate 
samples. 

Detection of Radioisotopes 

The HPLC effluent of 35S-labeled samples 
was collected for the Cys and the GSH peaks. 
Two milliliters of each sample were analyzed 
with a Beckman model LS5801 scintillation 
counter (Beckman Instruments, Palo Alto, CA). 
Counts per minute per milligram of protein 
were calculated for each sample. 

RESULTS AND DISCUSSION 

The ability of Z8 and C2 to accumulate 
GSH when they are grown in milk, milk sup- 
plemented with the GSH constituent AA, and 
milk supplemented with GSH was determined. 
Milk cultures of 28  and C2 were harvested at 
pH 5.2 and 5.0, respectively. The amounts of 
GSH in 28  cell-free extracts were 5.6, 12, and 
470 nmoYmg of protein, respectively. These 
28  results are similar to those reported previ- 
ously (6). The slightly elevated (2-fold) in- 
tracellular GSH accumulation in milk sup- 
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plemented with the GSH precursors suggests 
that Z8 synthesized GSH from its constituent 
AA, that the supplements enhanced GSH trans- 
port, or that the supplements inhibited intracel- 
lular GSH degradation. The greatly elevated 
intracellular amounts of GSH (84-fold) in the 
28 culture that was grown in milk sup- 
plemented with GSH indicates that 2 8  is capa- 
ble of transporting the GSH that is present in 
milk. A GSH transport system has been 
described in Streptococcus mutuns (16). The 
amounts of GSH in the C2 cell-free extracts, 
regardless of which milk-based medium was 
used, were below the limit of detection (.4 
nmol of GSWmg of protein). These results 
suggest that C2 is incapable of transport and 
synthesis of GSH or that GSH is rapidly 
degraded upon transport or synthesis. 

The involvement of the y-carboxyl group of 
Glu in the peptide bond with Cys requires a 
specialized enzyme, y-GTP, for hydrolysis. As 
a positive control, a suspension of Escherichia 
coli DH5a was examined for y-GTP activity; 
as expected, y-GTP activity was detected at 
both incubation temperatures (Table 1). How- 
ever, because reduction in the growth tempera- 
ture from 37 to 20°C increased y-GTP activity 
7-fold (15), incubation temperature was ex- 
pected to result in a greater difference in y- 
GTP activity. To examine the ability of Z8 and 
C2 to degrade GSH, cultures were grown at 20 
and 30°C and the cell suspensions were as- 
sayed for y-GTP activity. Regardless of the 
incubation temperature, no y-GTP activity was 
detected with 28  or C2 (Table l), suggesting 
that neither strain is capable of hydrolysis of 
GSH. Additionally, because the hydrolysis of 
GSH may be important in the generation of 
flavor compounds from GSH in cheese, a vari- 
ety of lactic acid bacteria were examined for y- 
GTP activity. In all cases, y-GTP activity was 
not detected (Table 1). The lack of y-GTP 
activity in lactic acid bacteria may be particu- 
larly important in cheese made from pasteur- 
ized milk, because pasteurization inactivates 
the y-GTP activity that is naturally present in 
milk (12). 

To examine the ability of 2 8  and C2 to 
transport or synthesize GSH, these organisms 
were grown in a chemically defined medium, 
supplemented with the GSH constituent AA or 
with GSH. Cell-free extracts from these cul- 
tures were then examined for GSH accumula- 
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tion. No accumulation of GSH was observed in 
C2 when it was grown in the defined medium 
supplemented with the GSH precursors or with 
GSH (limit of detection was .4 nmol of GSW 
mg of protein). These results and the lack of y- 
GTP activity suggest that C2 is incapable of 
transport and synthesis of GSH. The Z8 culture 
grown in the defined medium containing GSH 
accumulated 372 nmol of GSWmg of protein, 
which is further evidence that 28 is capable of 
transporting GSH. When Z8 was grown in the 
defined medium supplemented with the GSH 
precursors, no GSH accumulation was ob- 
served (limit of detection was .4 nmol of GSW 
mg of protein), suggesting that this strain is not 
capable of GSH synthesis. 

To confirm these results, these cultures 
were also grown in the defined medium con- 
taining [35S]GSH or [35S]Cys and the GSH 
constitutive AA. The counts per minute per 
milligram of protein for 28  and C2 grown in 
the presence of [35S]Cys were 8.0 x lo3 and 
9.0 x lo3, respectively; these values decreased 
approximately 10-fold upon deproteinization. 
These results indicate that both strains were 
capable of transporting Cys and that the Cys 
was primarily incorporated into cellular pro- 
teins. The counts per minute per milligram of 
protein for 28 and C2 grown in the presence of 
[35S]GSH were 6.3 x 1 6  and 7.6 x 104, 
respectively. No significant decrease occurred 
with the Z8 sample upon deproteinization; 
however, the C2 sample decreased approxi- 
mately 10-fold upon deproteinization. These 
results suggest that the majority of the 
[3%]GSH present in C2 was bound to proteins, 
most likely as the result of disulfide bridges 
with cell-surface proteins; in Z8, the majority 
of [35S]GSH was not bound to proteins. 

The intracellular accumulation of [35S]GSH 
and [35S]Cys was then determined for these 
cultures (Table 2). The results lend further 
support to the hypotheses that C2 is incapable 
of both GSH transport and synthesis and that 
2 8  is capable of GSH transport, but not GSH 
synthesis. The ability of some strains of lac- 
tococci to transport GSH, but not to synthesize 
GSH, is consistent with the findings of Fahey 
and Sundquist (5) that Gram-positive bacteria 
do not synthesize GSH but are capable of 
transporting the GSH that is present in the 
growth medium. Additionally, the hydrolysis 
of [35S]GSH to yield [35S]Cys was not ob- 

TABLE 2. Intracellular amounts of [35S]Cys and 
[3?3]glutathione (GSH) in Lacrococcus lacris ssp. cremoris 
28 and C2 grown in defined medium supplemented with 
either a mixture of the constituent AA of GSH (Glu, 
[35S]Cys, and Gly) or [3%]GSH. 

28 c 2  

Supplement' Cys GSH Cys GSH 

(cpdmg of (cpdmg of 
protei@ protein)* 

BLD BLD AA BLD3 BLD 
[aSJGSH BLD 2.5 x 105 BLD BLD 

i i . 4  x 105 

'Final concentration of each supplemented AA or GSH 

*Mean of duplicate determinations on two samples. 
3Below the limit of detection (less than twice the 

was .1 mM. 

counts in the blank). 

served. These results suggest that no increase 
in GSH in the cheese matrix occurs via synthe- 
sis of GSH by the lactococcal starter. How- 
ever, the lactococcal starter, if capable of trans- 
porting GSH, may influence the partitioning of 
the native milk GSH between the curds and the 
whey, thereby enhancing the amount of GSH 
in the cheese matrix. Once in the cheese ma- 
trix, GSH is thought to have a favorable in- 
fluence on cheese flavor development (7,8, 10, 
14). 

CONCLUSIONS 

Although lactococci are not capable of syn- 
thesis of GSH from its constituent AA, some 
strains are capable of transporting GSH. The 
lactococcal transport of GSH may influence 
the partitioning of the native milk GSH be- 
tween the curds and the whey, thereby in- 
fluencing the amount of GSH in the cheese 
matrix. The GSH in the cheese matrix would 
then be available to serve as a precursor to 
sulfur compounds that are thought to be impor- 
tant in the development of Cheddar cheese 
flavor. Lactic acid bacteria do not appear to 
express y-GTP activity; therefore, the native 
milk 7-GTP, an enzyme which is sensitive to 
pasteurization, likely is the primary source of 
this enzyme in the cheese matrix. An explana- 
tion for the observed reduction in flavor of 
cheeses produced from pasteurized milk may 
be the reduction in y-GTP activity. 
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