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Involvement of Dehydroalanine and Dehydrobutyrine in the
Addition of Glutathione to Nisin
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Nisin variants and fragments were reacted with glutathione, and the products of the reactions were
analyzed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) and liquid chromatography/mass spectrometry (LC-MS). Reactions between glutathione
and either [Ala5]nisin or [Ala33]nisin resulted in products with two glutathione molecules conjugated
to one nisin variant molecule. Only one glutathione molecule was added to [Ala5,Ala33]nisin.
Fragmentation of the nisin molecule resulted in nisin 1—12, nisin 1—20, and nisin 1—32 fragments.
Each fragment retained two dehydro residues, which subsequently underwent reaction with glutathione.
The data indicated that the dehydroalanine residues of nisin are sites of addition for glutathione.
Such addition renders the nisin molecule inactive.
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INTRODUCTION However, it has had limited success as an antimicrobial agent

The lantibiotic nisin is an antibacterial peptide that is widely :2 fr:aesst?icrpe%atsrr?g:::fé;gg tr?l(;:tsgr%ncl:sc')lr?'lljr;(t:?ilgrlfc\)/si?hn;?gg:

used as a natural preservative in the food industry. Lantibiotics, - L h conj T
preservatives (8—13). This failure to inhibit target bacteria in

so-termed because of their characteristic sulfide ring formations,fresh meat products was thouaht to be the result of nisin bindin
are small membrane active peptides containing posttranslation- P gntto L 9
ally modified amino acids1). This involves the dehydration to meat components and sur)‘a_ces, Its sensitivity to food enzymes,
of serine and threonine to dehydroalanine and dehydrobutyrine,'meractlons with phospholipids, poor solubility, or uneven

respectively. The dehydrated residues may then react with diSCt)rliJ?Lljetait?gr;)tgrthﬁ mc?titagirzoeddutcr;[a(tlrf};r}ezésinactivated in fresh
neighboring cysteine residues to form lanthioning-anethyl- yhyp

. - . meat by an enzymatic reaction with glutathione, a low molecular
Iar:\tlhlgnmi.?f'dui.s (.F|gz're| 1).t' . inst a broad ¢ mass (307 Da) thiol compound found in meat tissd&y.(The
fG'S'n exnl .L.S ag |mt|cr_o a ?c(;_vltyt?]galns a roia_l” specdrum in vitro reaction between pure nisin and glutathione confirmed
OCIost[?ir(;]i-uprgs'lrlhvii aatl:?i\(/aig?,ismfhgugr?t toe sgotrhee re;uﬁsci‘ntwo that under optimum conditions, glutathione adds to multiple sites
o . . . : ) - n a nisin molecul Jth n pr hat th hydr
distinct killing mechanisms: (i) the N-terminal domain of nisin on anis olecule20). It has been proposed that the dehydro

is able to interact with lipid [l molecules and subsequently inhibit residues of nisin are able to act as Michael acceptors toward
peptidoglycan synthesis, or (i) the C-terminal domain can sulfhydryl groups 21). The aim of this study was to investigate

.~ the sites of addition of the glutathione molecules by employing
translocate across the cell membrane to fqrm pores and dISS'p‘rﬂt%ngineered nisin variants in which the dehydroalanines were
the proton motive force_ (2)- Furthermore, it has been propo_sed replaced with saturated alanine residues. This approach enables
that nisin activity against spores is dl.Je to a reaction with the role of the dehydrated residues to be assessed leading to a
sulfhydryl (--SH) groups of fresh_ly germlnated ;pora}s (The Tbetter understanding of the loss of activity of nisin in meat
presence of the dehydrated amino acids and ring structures o products. Nisin variants were reacted with glutathione, and the

nisin is essential for complete retention of antibacterial activity products of the reactions were analyzed by matrix-assisted laser

(4-6). desorption/ionization time-of-flight mass spectrometry (MALDI-

Nisin’s high level of antibacterial activity, coupled with its g MS) and liquid chromatography coupled with mass
heat and acid resistance, has resulted in its successful applicatiogpectrometry (LC-MS) techniques.

in several dairy products, canned foods, and vegetables (7).

MATERIALS AND METHODS
* To whom correspondence should be addressed. Tel: 780-492-6015. : . : :
Fax: 780-492-8914. E-mail: lynn.mcmullen@ualberta.ca. Materials. Pure nisin was obtained from Aplin & Barrett Ltd.

tUniversity of Alberta. (Langford, U.K.). Glutathione and sinapinic acid were obtained from
* Institute of Food Research. Sigma Chemical Co. (St. Louis, MO).
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Figure 1. Structure of mature nisin molecule. Amino acids that have undergone posttranslational modification are shaded. Sites of engineered residues
are indicated for nisin variants: (A) [Ala5]nisin A; (B) [Ala33]nisin A; (AB) [Ala5,Ala33]nisin A. Enzymatic cleavage sites (shown by arrows) generate
fragments nisin 1-12 (C), nisin 1-20 (D), and nisin 1-32 (E).

Construction of Nisin Variants. Nisin variants and fragments were ~ Table 1. Molecular Masses of Nisin Variants and Fragments
constructed and purified at the Institute of Food Research (Norwich, Determined by MALDI-TOF MS and LC-MS
U.K.). [Ala5]-, [Ala33]-, and [Ala5,Ala33]nisin A variants were

produced and purified by means of a protein engineering system as , experimental mass experimental mass
described by Dodd et al2p). Briefly, a lactococcal expression system nisin fragment/variant (MALDI-TOF MS) (LC-MS)
was developed using a gene replacement technique in which variant nisin 3362.0 3353.6
nisA genes were substituted for the chromosomal wild-type gene. [AlaS]nisin 3360.3 3355.6
Fragments of nisin were generated enzymatically by proteolytic [Ala33]nisin 3359.3 3355.6
digestion witha-chymotrypsin (nisin 1—20) or trypsin (nisin 1—12) [Ala5,Ala33]nisin 3366.3 nd?

and purified as described by Chan et dJ\. (n addition, low levels of 2:2:2 i:gg iégg? 31?3'6

the natural degra_datio_n pro_duct nisiﬁ32_, gengrat_ed by c]e_avage of nisin 1-12 1150.6 1150.1
the carboxy-terminal dipeptid28), were identified in the nisin A and
[Ala5]nisin A samples used in this study. The structure of nisin
highlighting the variants and fragments is shownFigure 1. The
relative molecular masses of the nisin A variants and fragments were

and, not determined.

confirmed by MALDI-TOF MS as described below. ion source. The electrospray probe was operated at 3.5 kV, and the
Activity Assay for Nisin. Glutathione S-transferase was purified ~cone voltage was 28 V. The source and desolvation temperatures

from fresh beef, as previously described by Williamson and E).( were 120 and 350C, respectively. The nitrogen nebulizing and

Stock solutions of nisin and the nisin variants (109 mL™%) and drying gas flow rate were optimized at 15 and 350, iespectively.

purified glutathione S-transferase (1 mM) were dissolved in 50 mM Spectra were recorded scanned in continuum mode (i.e., raw data
sodium phosphate buffer (pH 6.0). Glutathione was dissolved in the acquisition) by cyclic scanning of the mass ramge400—2200, with
sample buffer at a concentration of 50 mM, and the solution was & Scan duration of 5.0 s and an interscan time of 0.2 s. The mass
adjusted to pH 6.0. Final working assays consisted of glutathione (25 SPectrometer was set to unit mass resolution or better (LM and HM
mM), nisin (50ug mL™Y), and glutathione S-transferasedl). Assays resolution parameters both at 15.0). Mass spectrometric data were
were carried out at the optimum temperature oP87 The reactions ~ recorded and processed using MassLynx version 3.4 software (Micro-
were stopped after 24 h by adding trifluoroacetic acid (TFA) to a final Mass, Manchester, U.K.).

concentration of 0.3%. The products were analyzed by MALDI-TOF

MS and LC-MS. RESULTS

MALDI-TOF MS Analysis. All mass spectra data were acquired
on a linear MALDI-TOF MS equipped with pulsed ion extraction MALDI-TOF MS and LC-MS Analyses. MALDI-TOF MS

technology (Bruker Proflex Ill, Billerica, MA) and a 125 cm flight ~ and LC-MS analyses were performed on the nisin variants and
tube, in a positive ion linear mode with a nitrogen laser<337 nm) fragments prior to the reaction with glutathione to confirm their
for desorption/ionization of the samples and an acceleration voltage of molecular weight and to determine whether any degradation
20 kv. Samples were prepared for MALDI-TOF analysis using the fragments were present in the sample. The experimental masses
dried droplet method2s). A saturated solution of the sinapinic acid  are shown irTable 1. There is a discrepancy in the molecular
matrix was prepared in a solution containing two parts of 0.1% TFA masses as reported by MALDI-TOF MS and LC-MS. This is
and one part of acetonitrile. The sample was mixed with the matrix likely due to the low resolving capabilities of the MALDI-TOF
(1:1), spotted on a stainless steel probe, and allowed to air-dry. MS instrument used to obtain the measureme@y. (This

LC-MS Analysis. High-performance liquid chromatography (HPLC) . . . .
chromatographic conditions were as follows: solvent A, 0.1% TFA particular instrument was unable to resolve the complex isotopic

in Milli-Q purified water; solvent B, 0.1% TFA in HPLC grade aceto-  Pattern exhibited by a molecule of this mass. More recent
nitrile; flow rate, 1 mL-min%; gradient, 0.6-100% B in 45 min. A delayed extraction and/or reflectron MALDI-TOF MS instru-
Phenomenex Jupiter,@olumn (250 mmx 4.60 mm packed with 5 ments may better be able to resolve this isotopic cluster.

um beads; Torrence, CA) was used. The flow was split between the ~ MALDI-TOF MS was also used to examine the products of
mass spectrometer and the diode array detector in the approximate ratighe reaction between the different nisin molecules and the
of 1:8. D_iode array spectra were recorded_s_imulta_neously with mass glutathione. A shift in mass of increments of-307 Da was
spectra in the range of 1900 nm. All nisin variants and their  seq 1o determine the number of glutathione molecules that were

fragments _and reaction products were analyze_d using a Mlcromassadded to the nisin moleculeBigures 2 and3 show the mass
Quattro Il triple quadrupole mass spectrometer (Micromass, Manchester, .
spectra of the products of the reactions.

U.K.), coupled to a Hewlett-Packard 1050 quaternary pump HPLC - .
system equipped with a 1050 autoinjector and 1050 diode array detector A fully processed nisin molecule has three dehydro residues
(Agilent Technologies U.K. Ltd., Stockport, U.K.). Spectra were (Dhb2, Dha5, and Dha33), whereas [AlaS]nisin and [Ala33]-

obtained in positive ion electrospray mode using a Micromass Z-spray nisin have two dehydro residues (Dhb2 and Dha33 and Dhb2
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Figure 4. Structure of the first two amino acids in the N terminus region
of nisin, indicating the potential sites of cleavage.

glutathione molecule (Figure 2B). To a lesser extent, this
phenomenon was also observed with the full-length molecule.
In this case, the truncated peptide retains two dehydro residues
B and peaks are evident corresponding to the addition of both one
and two glutathione moleculeEigure 2A). No such degrada-
tion was detected with the nisin variants that have had Dha33
replaced with an Ala residu&igure 2C,D). The MALDI-TOF
A MS data showed that the number of glutathione molecules that
can add to either the nisin or the nisin variants is consistent
0 T . T o7 " s 5 with the number of dehydro residues in the molecule. The
mass/charge ratio MALDI-TOF MS analysis also showed the presence of matrix

Figure 2. MALDI-TOF MS spectra of the products of the reaction between adduct peaks of++215 Da, which is typical of the use of
glutathione and (A) nisin; (B) [Ala5]nisin; (C) [Ala33]nisin; and (D) sinapinic acid as the matrix (personal communication, Randy
[Ala5,Ala33]nisin; m.a. refers to the presence of a matrix adduct. Whittal).

Fragmentation of the nisin molecule involved cleavage of
the C terminus region at the positions after 12, 20, and 32
amino acid residues, resulting in three fragments, each with
- two dehydro residues (Dhb2 and Dha5). Consistent with the
z g number of dehydro residues remaining, the MALDI-TOF MS
: * data showed that two glutathione molecules were added to each
of the fragmentsKigure 3). This suggested that the N terminus
of the nisin molecule is highly susceptible to nucleophilic attack
by glutathione and that Dha33 in the C terminus region is the
site of the third glutathione addition.

In addition to the peaks corresponding to the addition of the
glutathione molecule(s), a number of other fragmentation peaks
B were evident from the MALDI-TOF MS and the LC-MS data.
The dominant fragment peak$dble 2) were consistent with
loss of either~114 Da, as detected by MALDI-TOF MS and
LC-MS, or~129 Da, as detected by LC-MS. Screening of the
reaction products by a reflectron MALDI-TOF mass spectrom-
eter also showed the fragment peaks of less thaP9 Da (data
not shown). Because the peaks were seen in each of the product
B A U Py ' samples, it is likely that the fragmentation occurs at the
N-terminal region of the molecule. This could be the result of
a common phenomenon with mass spectrometry techniques,
called postsource decay, which results in the fragmentation of
the analyte molecule (27). This phenomenon is not typically
and Dhab5, respectively) and [Ala5,Ala33]nisin has one dehydro seen with linear MALDI-TOF mass spectrometry but may be
residue (Dhb2). The products of the reaction between nisin andseen with other mass spectrometry instrumentation. The loss
glutathione showed that up to three glutathione molecules canof ~114 Da was seen with the linear mass spectromgiguies
be added to one nisin moleculEigure 2A). Reactions between 2 and 3) and with the parent molecule of [Ala5,Ala33]nisin
the glutathione and the nisin variants showed that two gluta- (Figure 3D) after the reaction with glutathione and not prior to
thione molecules can be added to the single varidfigu(e the reaction (data not shown). It is possible that the resulting
2B,C) and that only one glutathione molecule can be conjugated peptide fragments occur in nature when glutathione attaches to
to the double variant of nisin (Figure 2D). There was no a nisin molecule. However, this loss ofL14 Da could also be
apparent specificity for either the Dha5 or the Dha33 amino explained as fragmentation due to the conditions used for the
acid residues as the reaction proceeded with all nisin variants. MALDI-TOF MS analysis.

These data also showed an instability of the [Ala5]nisin  To determine the sites of cleavage, the monoisotopic mass
molecule (Figure 2B). It appears that upon reaction of nisin of nisin after the addition of two GSH molecules was compared
with glutathione, a significant proportion of the sample had with the monoisotopic masses after cleavage at two different
undergone cleavage of the two carboxy-terminal amino acids, sites as shown ifrigure 4. The monoisotopic mass of nisin
whereas this is not apparent before the reaction with glutathionewith two GSH molecules added {§3H265N45049), as deter-
(Table 1). After cleavage, [Ala5]nisin 232 has only one mined by MS-Isotope 1.3.1, Protein Prospector 3.4.1 (The
dehydro residue (Dhb2) and undergoes the addition of a singleRegents of the University of California), is 3966.7206. Cleavage
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Figure 3. MALDI-TOF MS spectra of the products of the reaction between
glutathione and (A) nisin 1-32; (B) nisin 1-20; and (C) nisin 1-12.
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Table 2. Summary of the Dominant Peaks of the Products of the
Reaction between the Nisin Variants and the Fragments with GSH
after Analysis by MALDI-TOF MS and LC-MS

MALDI-TOF MS LC-MS
experimental mass  experimental  mass
mass difference mass difference

nisin 3362.0 3353.6

addition of one GSH molecule 3669.5 +307.5

addition of two GSH molecules 3976.2 +614.2 3968.0 +614.4

fragment peaks 3860.2 -116.0 3839.0 -129

addition of three GSH molecules ~ 4283.3 +921.3 4275.2 +921.6

fragment peaks 4169.0 -114.3 4161.3 -1139
4146.2 -129.0

[Ala5]nisin 3360.3 3355.6

addition of one GSH molecule 3667.8 +307.5 3662.9 +307.3

fragment peaks 3554.6 -113.2

addition of two GSH molecules 3976.0 +615.7 3970.2 +614.6

fragment peaks 3862.1 -113.9 3856.1 -114.1
3840.7 -129.5

[Ala33]nisin 3359.3 3355.6

addition of one GSH molecule 3666.5 +307.2 3662.7 +307.1

fragment peaks 3552.4 -114.1

addition of two GSH molecules 3973.1 +613.8 3969.7 +614.1

fragment peaks 3859.1 -114.0 3855.9 -113.8
3840.6 -129.1

[Ala5,Ala33]nisin 3366.3 nd

addition of one GSH molecule 3673.5 +307.2

fragment peaks 3560.4 -113.1

nisin 1-32 3184.5 3185.6

addition of one GSH molecule 3492.0 +307.5 3492.7 +307.1

fragment peaks 3377.0 -115.0

addition of two GSH molecules 3799.0 +614.5 3800.2 +614.6

fragment peaks 3687.1 -1119 3685.9 -114.3
3671.0 -129.2

nisin 1-20 1880.7 nd

addition of one GSH molecule 2187.6 +306.9

fragment peaks 2073.3 -114.3

addition of two GSH molecules 2494.0 +306.4

fragment peaks 2382.7 -111.3

nisin 1-12 1150.6 1150.1

addition of one GSH molecule 1457.7 +307.1 +307.3

fragment peaks 1343.6 -114.1

addition of two GSH molecules 1763.8 +613.2 1764.7 +614.6

fragment peaks 1648.1 -115.7 1650.5 -114.2
1635.5 -129.2

and, not determined.

at the peptide bond between isoleucine and dehydrobutyrine
results in a monoisotopic mass of 3852.6287 4859\ 47045),

and cleavage after the amine group results in a monoisotopic
mass of 3837.6179 (GH25N46048S). The mass differences
as compared with the major nisin molecule with two GSH added
are 114.0919 and 129.1027, respectively.

DISCUSSION

The nisin molecule is a complex antibacterial peptide with
13 out of 34 residues posttranslationally modified to dehydro

residues and thioether cross-linkages. Several studies have

demonstrated the importance of such modifications to the
antibacterial efficacy of nisin. In particular, the acid-catalyzed
addition of a water molecule to Dhab results in a loss of integrity
of ring A of nisin and, subsequently, a decrease in its
antibacterial activity §). Similarly, cleavage of ring C in nisin
results in the complete loss of activi#)( although the presence

of dehydro residues is not essential. The engineered variants

[Ala5]nisin, [Ala33]nisin, and [Ala5,Ala33]nisin retained a
significant level of activity against vegetatively growing cells
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Figure 5. Proposed reaction of addition of glutathione to dehydroalanine.

(28). However, [Ala5]nisin displayed a much lower activity
against the outgrowth of spores dacillus subtilis (4),
supporting the proposal that the dehydroalanine residues play
a vital role in the killing action against bacterial spor8&3. (

This work has provided an insight into the potential use of
nisin as a natural preservative in meat products. It appears that
the addition of glutathione to nisin is one reason for its poor
activity in fresh meats19, 20). However, our studies have
indicated that the successful application of nisin to this food
matrix may be achieved by either (i) the addition of nisin to
heat-treated products, as demonstrated by Davies et al. (11);
(i) the use of a food grade glutathione S-transferase inhibitor
in fresh meat products; or (iii) employing an active nisin variant
in which the dehydro residues are absent or unavailable for
reaction with glutathione.

ACKNOWLEDGMENT

We thank Dr. Randy Whittal and Dr. Monica Palcic from the
Department of Chemistry at the University of Alberta for their
respective expertise in MALDI-TOF MS and enzymology. We
also thank Dr. Andrew Bottril, of the John Innes Centre, U.K.,
for his assistance with the initial screening by MALDI-TOF
MS.

LITERATURE CITED

(1) Klaenhammer, T. R. Genetics of bacteriocins produced by lactic
acid bacteriaFEMS Microbiol. Re»1993,12, 39-85.

(2) Wiedemann, |.; Breukink, E.; van Kraaij, C.; Kuipers, O. P.;

Bierbaum, G.; de Kruijff, B.; Sahl, H. G. Specific binding of

nisin to the peptidoglycan precursor lipid Il combines pore

formation and inhibition of cell wall biosynthesis for potent

antibiotic activity.J. Biol. Chem2001,276, 1772—1779.

Morris, S. L.; Walsh, R. C.; Hansen, J. N. Identification and

characterization of some bacterial membrane sulfhydryl groups

which are targets of bacteriostatic and antibiotic actbrBiol.

Chem.1984,259, 13590—13594.

Chan, W. C.; Dodd, H. M.; Horn, N.; Maclean, K.; Lian, L.-Y.;

Bycroft, B. W.; Gasson, M. J.; Roberts, G. C. K. Structdre

activity relationships in the peptide antibiotic nisin: Role of

dehydroalanine 5Appl. Environ. Microbiol.1996,62, 2966—

2969.

Giffard, C. J.; Dodd, H. M.; Horn, N.; Ladha, S.; Mackie, A.

R.; Parr, A.; Gasson, M. J.; Sanders, D. Structttaction

relations of variant and fragment nisins studied with model

membrane system8iochemistry1997,36, 3802—3810.

Rollema, H. S.; Metzger, J. W.; Both, P.; Kuipers, O. P.; Siezen,

R. J. Structure and biological activity of chemically modified

nisin A speciesEur. J. Biochem1996, 35, 716—722.

(7) Delves-Broughton, J.; Blackburn, P.; Evans, R. J.; Hugenholtz,
J. Applications of the bacteriocin, nisiAntonievan Leeuwen-
hoek1996,69, 193—202.

(8) Ariyapitipun, T.; Mustapha, A.; Clarke, A. D. Survival bisteria
monocytogeneScott A on vacuum-packaged raw beef treated
with polylactic acid, lactic acid, and nisid. Food Prot.2000,

63, 131-136.

®3)

4

®)

(6)



3178 J. Agric. Food Chem., Vol. 51, No. 10, 2003

(9) Avery, S. M.; Buncic, S. Antilisterial effects of a sorbate-nisin
combination in vitro and on packaged beef at refrigeration
temperatured. Food Prot.1997,60, 1075—1080.

(10) Barbuddhe, S. B.; Malik, S. V. S.; Bhilegaonkar, K. N. Growth
inhibition of Listeria monocytogendsy commercial nisin and
lactic acid in raw buffalo meat mincé. Food Sci. Technol999
36, 320—324.

(11) Davies, E. A.; Milne, C. F.; Bevis, H. E.; Potter, R. W.; Harris,
J. M.; Williams, G. C.; Thomas, L. V.; Delves-Broughton, J.
Effective use of nisin to control lactic acid bacterial spoilage in
a vacuum-packed bologna-type sausdgé&ood Prot.1999 62,
1004—1010.

(12) Fang, T. J.; Lo-Wei, L. Growth dfisteria monocytogenesnd
Pseudomonas fragin cooked pork in a modified atmosphere
packaging/nisin combination systed. Food Prot.1994,57,
479—485.

(13) Taylor, S. L.; Somers, E. B.; Kreuger, L. A. Antibotulinal
effectiveness of nisin-nitrite combinations in culture medium and
chicken frankfurter emulsionsl. Food Prot.1985, 48, 234—
239.

(14) Bell, R. G.; de Lacy, K. M. Factors influencing the deter-
mination of nisin in meat products. Food Technol1986,21,
1-7.

(15) Cutter, C. N.; Siragusa, G. R. Incorporation of nisin into a meat
binding system to inhibit bacteria on beef surfadsstt. Appl.
Microbiol. 1998,27, 19-23.

(16) Henning, S.; Metz, R.; Hammes, W. P. Studies on the
mode of action of nisinlnt. J. Food Microbiol.1986,3, 121—
134.

(17) Scott, V. N.; Taylor, S. L. Temperature, pH, and spore load
effects on the ability of nisin to prevent the outgrowth of
Clostridium botulinunsporesJ. Food Sci1981,46, 121—126.

(18) Stringer, S. C.; Dodd, C. E. R.; Morgan, M. R. A.; Waites, W.
M. Locating nisin-producing-actococcus lactisn a fermented
meat systemJ. Appl. Bacteriol.1995,78, 341—348.

(19) Rose, N. L.; Sporns, P.; Stiles, M. E.; McMullen, L. M.
Inactivation of nisin by glutathione in fresh medt.Food Sci.
1999,64, 759—762.

Rose et al.

(20) Rose, N. L.; Sporns, P.; Palcic, M. M.; McMullen, L. M. Nisin;

a novel substrate for glutathione S-transferase isolated from fresh
beef.J. Food Sci.2002, in press.

(21) Liu, W.; Hansen, J. N. Some chemical and physical properties
of nisin, a small-protein antibiotic produced Mhyactococcus
lactis. Appl. Environ. Microbiol.1990,56, 2551—2558.

(22) Dodd, H. M.; Horn, N.; Giffard, C. J.; Gasson, M. J. A gene
replacement strategy for engineering nid¥ticrobiology (Read-
ing, U.K.) 1996,1, 47-55.

(23) Chan, W. C.; Bycroft, B. W.; Lian, L.-Y.; Roberts, G. C. K.
Isolation and characterisation of two degradation products derived
from the peptide antibiotic nisitEEBS Lett1989,252, 29-36.

(24) Williamson, G.; Ball, S. K. M. Purification of glutathione
S-transferase from lean pork muscle and its reactivity with some
lipid oxidation productsJ. Sci. Food Agric1988,44, 363-374.

(25) Kussmann, M.; Nordhoff, E.; Rahbek-Nielsen, H.; Haebel, S.;
Rossel-Larsen, M.; Jakobsen, L.; Gobom, J.; Mirgorodskaya, E.;
Kroll-Kristensen, A.; Palm, L.; Roepstorff, P. Matrix-assisted
laser desorption/ionization mass spectrometry sample preparation
techniques designed for various peptide and protein analjites.
Mass Spectroml997,32, 593—601.

(26) Wang, Z.; Russon, L.; Li, L.; Roser, D. C.; Long, S. R.
Investigation of spectral reproducibility in direct analysis of
bacteria proteins by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometriRapid Commun. Mass Spec-
trom. 1998,12, 456—464.

(27) Jiménez, C. R.; Burlingame, A. L. Ultramicroanalysis of peptide
profiles in biological samples using MALDI mass spectrometry.
Exp. Nephrol.1998,6, 421—428.

(28) Dodd, H. M.; Horn, N.; Gasson, M. J. A cassette vector for
protein engineering the lantibiotic nisidenel1995,162, 163-164.

Received for review October 9, 2002. Revised manuscript received
February 18, 2003. Accepted March 6, 2003. This work was supported
by grants from the Natural Sciences and Engineering Research Council
of Canada.

JF026022H



