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Previously, the gene for a general dipeptidase (pepDA) was isolated from a gene bank of Lactobacillus
helveticus CNRZ32. The pepDA gene consists of a 1,422-bp open reading frame which could encode a polypep-
tide of 53.5 kDa. No significant identity was found between the deduced amino acid sequence of the pepDA
product and the sequence for other polypeptides reported in GenBank. Southern hybridization studies with a
pepDA probe indicated that the nucleotide sequence for pepDA is not well conserved among a variety of lactic
acid bacteria. Growth studies indicated that a pepDA deletion had no detectable effect on growth rate or acid
production by L. helveticus CNRZ32 in milk. Furthermore, no difference in total cellular dipeptidase activity
was detected between the mutant and wild-type strains during logarithmic growth in MRS medium.

Lactic acid bacteria (LAB) are a heterogeneous family of
bacteria having utility in the manufacture of fermented dairy
products. LAB are unable to synthesize a number of amino
acids (22) and thus must obtain these from the milk. However,
the level of free amino acids and small peptides in milk is not
sufficient to support growth of LAB to high cell densities (22).
Therefore, these organisms utilize a complex proteolytic sys-
tem to obtain essential amino acids from casein, the primary
protein present in milk (22). This hydrolysis of casein is also
important in cheese ripening, because the casein degradation
products produced by LAB contribute to cheese flavor devel-
opment (26).

To initiate the characterization of the proteolytic system of
Lactobacillus helveticus CNRZ32, a gene bank of this organism
was constructed and screened for peptidase activities (20). Six
peptidase genes were identified, and many of these enzymes
have been characterized further on the molecular level (8, 12,
13, 29). Currently, inactivation of individual peptidases is being
used to determine the physiologic role of each peptidase as
well as the role that each plays in cheese flavor development.
This study describes the characterization and inactivation of
the gene for one of the broad-specificity dipeptidases, desig-
nated dipeptidase A (PepDA; previously designated DPT) of L.
helveticus CNRZ32.

MATERIALS AND METHODS

Bacterial strains, media, and plasmids. The bacteria and plasmids used in this
study are listed in Table 1. All cultures were maintained at —80°C in 6.9% nonfat
dry milk and 10% glycerol. Escherichia coli DH5a (Bethesda Research Labora-
tories, Inc., Gaithersburg, Md.) was grown in LB (23) medium. E. coli CM89 (19)
was grown in LB medium supplemented with 0.3 mM thymine and 0.05 mM
thiamine. All E. coli cultures were incubated at 37°C with aeration. L. helveticus
was routinely grown in MRS (Difco Laboratories, Detroit, Mich.) and incubated
without shaking at 42°C. When antibiotics were included to select for plasmid
constructs, the concentrations used were as follows: pUC19, 60 ug of ampicillin
(Ap) per ml; pSA3 in E. coli, 1.0 mg of erythromycin (Em) per ml; and pSA3 in
L. helveticus, 4 g of erythromycin Em per ml. All antibiotics were purchased
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from Sigma Chemical Company (St. Louis, Mo.). For experiments with
a-complementation, isopropyl-p-thiogalactopyranoside (IPTG) (Promega Cor-
poration, Madison, Wis.) and 5-bromo-4-chloro-3-indolyl-B-p-galactoside (X-
Gal; Gibco-BRL, Gaithersburg, Md.) were incorporated into agar medium at
concentrations of 0.12 g and 20 mg per liter, respectively.

Molecular cloning and enzymatic screening. Recombinant DNA and plasmid
isolation techniques were essentially those described by Sambrook et al. (23).
Klenow fragment, T4 DNA ligase, and restriction endonucleases were used as
recommended by the manufacturer (Gibco-BRL). E. coli transformation was
performed with a Gene Pulser following the instructions recommended by the
manufacturer (Bio-Rad Laboratories). Transformation of L. helveticus was per-
formed as described previously (6).

Plasmid-encoded PepDA activity in E. coli was confirmed as described by
Nowakowski et al. (20). Met-Ala (Sigma) was used as the substrate.

Cell extract preparation. Cell extracts were prepared essentially as described
by Bhowmik and Marth (5). However, a Red Devil 5410 paint mixer was used
rather than a Braun homogenizer.

Quantitative dipeptidase assays. The dipeptide-hydrolyzing activity of cell
extracts was measured by the Cd-ninhydrin method essentially as described by
Doi et al (11). Assays were performed at pH 5.5 in 0.1 M 2-(N-morpholino)
ethanesulfonic acid. Four time points over 17 min were measured to ensure
measurement of initial velocity.

Southern hybridizations. Chromosomal DNA isolation, the Southern hybrid-
ization procedure, and sources for bacteria used in distribution studies were
described previously (12). Probe synthesis was performed as described in the
Genius kit (Boehringer Mannheim, Indianapolis, Ind.), with a 0.65-kb KpnI-Hpal
internal pepDA fragment. Hybridization was carried out at 42°C as described by
Boehringer Mannheim. Low and high stringencies were achieved by incorporat-
ing 10 or 50% formamide, respectively, into the prehybridization and hybridiza-
tion steps.

RNA isolation and Northern (RNA blot) hybridization. Total RNA was iso-
lated from L. helveticus by pelleting 1.5 ml of cells and washing them twice in
double-distilled water. Cells were resuspended in 130 pl of 0.5 M sucrose-10 mM
EDTA (pH 7.5). Next, 10 pl of 10-mg/ml lysozyme and 10 U of mutanolysin were
added, and cells were incubated at 37°C for 10 min. Cells were lysed by the
addition of 150 pl of 2% sodium dodecyl sulfate (SDS)-10 mM EDTA (pH 7.5),
and purification of total RNA was completed as described by Liu et al (18).

For Northern hybridizations, total RNA was separated in a 1.0% agarose gel
and blotted onto a MagnaGraph nylon membrane (Micron Separations, Inc.,
Westborough, Mass.) as described by Trnovsky (25) with a Trans-Blot SD (Bio-
Rad Laboratories). Hybridization and detection were performed as described by
Boehringer Mannheim with the pepDA probe described above. RNA size stan-
dards (9.5 to 0.36 kb; Promega Corporation, Madison, Wis.) stained by the
method of Griindemann and Koepsell (15) were used for size determinations.

DNA sequencing. Nested sets of deletions were generated by using the Erase-
a-Base Kit (Promega). Plasmid DNA was purified by the modified mini-alkaline
lysis/polyethylene glycol precipitation procedure of Applied Biosystems (Foster
City, Calif.). Sequence determination was performed by the University of Wis-
consin-Madison Biotechnology Center with an automated fluorescence se-
quencer. Sequence analysis was performed with the GCG fragment assembly
program (Genetics Computer Group, Madison, Wis.). Amino acid sequence
comparisons were performed with BLAST (1). Motifs were searched for in the
deduced amino acid sequence by using PROSITE (2).

Construction of a pepDA mutant of L. helveticus CNRZ32. A deletion was
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics Source or
reference
Escherichia coli
DH5«a F~ $80d lacZAM15 A(lacZYA-argF)U169 hsdR17 (r,~ m, ") deoR recAI endAl supE44 N~ thi-1 gyrA96 relAl BRL*
CM89 leu-9 A (pro-lac) met thyA pepN102 pepA1l pepQ10 pepB1 19
Lactobacillus helveticus
CNRZ32 Parental strain Stock
JLS222 Em® PepDA™ derivative of CNRZ32 This study
Plasmids
pSUW10 Em" PepDA™; pJDC9 with a 5.8-kb CNRZ32 chromosomal fragment 20
pUCI19 Ap* lacZ 28
pSA3 Em" 9
pSUW96 Ap* PepDA™; pUCI19 with a 2.3-kb CNRZ32 chromosomal fragment This study
pSUW98 Em" PepDA™~; pSA3 with the internally deleted pepDA This study

“ BRL, Bethesda Research Laboratories.

made in pepDA by removing the internal 0.25-kb BclI-Hpal fragment, and an
integration vector was constructed by introducing the deleted pepDA gene into
PpSA3. This deletion inactivated the enzyme, as determined by qualitative enzyme
assays (data not shown). The resulting construct, designated pSUW98, was used
to construct a pepDA-negative derivative of L. helveticus CNRZ32 as described
previously (4).

Growth of strains in milk. The characterization of growth rate and acid
production of L. helveticus JLS222 was performed at 42°C as previously described
(29). All growth studies were performed in duplicate.

Nucleotide sequence accession number. The sequence for the 2.3-kb insert of
pSUW96 has been submitted to GenBank and assigned accession number
U34257.

RESULTS

Subcloning of pepDA. Previously (20), the L. helveticus
CNRZ32 pepDA gene had been isolated on a 12.7-kb plasmid
designated pSUW10. Tn5 mutagenesis (10) further localized
the gene to a 2.3-kb Smal-Stul fragment of pSUW10 (data not
shown). This fragment was successfully cloned into pUC19 in
both orientations. Transformants containing either of these
two constructs exhibited PepDA activity. One construct, des-
ignated pSUW96, was arbitrarily chosen for further study. The
PepDA-encoding insert along with relevant restriction sites is
shown in Fig. 1.

Sequencing of pepDA of L. helveticus CNRZ32. By sequenc-
ing the entire 2.3-kb insert of pSUWY96, a 1,422-bp open read-
ing frame (ORF) was identified and designated pepDA (Fig. 2).
The OREF could encode a polypeptide consisting of 474 amino
acids, with a deduced mass of 53.5 kDa. Preceding the ORF
was a putative ribosome-binding site (AAGGAA; nucleotides
—12 to —7) which resembles the consensus ribosome-binding
site of L. helveticus (21). Following pepDA 1is a putative rho-
independent transcriptional terminator (TAAGAGCTTGA

Sm Sm/St
K K CH_ Hp
Al d [ N(
) pepDA
—» ORF2
0.5 Kb
A

FIG. 1. Restriction endonuclease map of the subcloned 2.3-kb Smal-Stul
fragment of pPSUW10. Arrows represent the limits of pepDA and ORF2, with the
arrow indicating the direction of transcription. Abbreviations for restriction
endonucleases: Sm, Smal; Sm/St, Smal/Stul hybrid site; K, Kpnl; C, Bcll; H,
HindIII; Hp, Hpal.

GA [nucleotides 1446 to 1459] and TCTCAAGCTCTTA [nu-
cleotides 1464 to 1476]) with a AG of —19.8 kcal (24). BLAST
did not identify any other sequences in GenBank (7) with
significant identity (P < 0.05) to the deduced amino acid se-
quence of pepDA, and no motifs defined in PROSITE were
identified. A hydrophilicity plot (17) of the deduced amino
acid sequence did not reveal a hydrophobic region at the
amino terminus that might function as a signal peptide or
membrane anchor. Therefore, it seems likely that PepDA is an
intracellular enzyme.

A second ORF (ORF2) was found 5’ of pepDA (Fig. 1 and
2). The 87-amino-acid polypeptide deduced from ORF2 con-
tains the conserved sequence motif for the XylS/AraC family of
prokaryotic transcriptional regulators (14). No rho-indepen-
dent transcriptional terminator was found between ORF2 and
pepDA. However, Northern hybridizations with a pepDA probe
and total RNA extracted from logarithmically growing L. hel-
veticus cells in MRS have indicated that pepDA is transcribed
monocistronically under these conditions, as a 1.5-kb transcript
was detected (data not shown). More studies are needed to
determine whether the protein encoded by ORF2 plays a role
in pepDA regulation.

Distribution of pepDA in LAB. A nucleic acid probe was
synthesized from an internal portion of pepDA. When low-
stringency (10% formamide and 42°C) conditions were em-
ployed, hybridization with all L. helveticus and Lactobacillus
delbrueckii subsp. bulgaricus strains tested was detected (Fig.
3), although hybridization with L. delbrueckii subsp. bulgaricus
JLS110 was weak (Fig. 3, lane D). No hybridization was de-
tected with any Lactobacillus casei, Leuconostoc, Lactococcus,
Pediococcus, or Streptococcus thermophilus strains tested (data
not shown). Under high-stringency conditions (50% form-
amide), hybridization only with the L. helveticus strains and L.
delbrueckii subsp. bulgaricus JLS160 was detected (data not
shown).

Characterization of L. helveticus JLS222. To determine the
effect of a pepDA mutation on the growth of L. helveticus
CNRZ32 in milk, growth studies were conducted with the
wild-type strain and JLS222 (PepDA™ derivative of (NRZ32).
The two strains grew in and acidified milk at the same rate
(data not shown).

Ninhydrin assays were performed on wild-type and mutant
cell extracts to determine if any difference in dipeptide cleaving
activity could be detected between the two cultures. Activity
was tested with the dipeptide substrates Leu-Leu, Phe-Met,
Arg-Leu, Lys-Phe, Leu-Arg, and Met-Glu, all of which had
been identified as substrates for pepDA previously in cell ex-
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CCCAATT -337 ABCDETFG
P N
GCAACATTGTGGAGCTTTGCAACAGGTTAGGTGTCTCACGTAGTTTTTTATATTCATTAT  -277
N I VETLTGCNZ RTLTGTYS ST RSTFTLTYSTL F --

TTAGAGAAAATACTAATATTTCACCGCAAARATATCTGATGCAGCTGCGCATGGAAGCAG ~217
R EN TN I S P Q K Y L M Q L RME A A

CCAAAAAAGAATTGCAAAATACCACATCCAACTTAAAAGAAATCGCCCACAAAGTTGGCT -157 L

K K E L N T T S N L K E I A H K V G Y -n.
ATGGTGACGAATTTACTTTTTCAAAAGCATTTAAGCGTTACAGTGGTGTTAGCCCCAATG -97 -

G D EVF T F S KAFZ KU RY S GV S P N V
TATTTCGTAGAAATTAATTATATTCTTTGCTTAACTCAGGCTTCTTTGCATACAATATAT -37

F R R N * .
AGTGTATAACTTATTAAAACAGTAAAGGAATGATTCAATGAAACAAACAGAATGTACTAC 23
M K E C T T 8
TATCTTAGTAGGTAAAAAAGCAAGTATTGACGGCTCAACTATGATCGCCCGTAGTGRAAGA 83

I L VGEXKZ KA AS®STIDTGT STMTATRTSE D 28 -

TGETGGCCGTGTAATTATCCCTGAAGGCTTTAARGTAGTTAATCCAGAAGACCAACCTAR 143

G G RV IIPETGTFTZ KVYVVNTPETDOQ P K 48

GCACTACACTAGCGTTATCAGCAAGCAARAGATCGATGATGAAGATTTAGCTGARACTCC 203

H Y TSV I S K QZXTITDTDTETDTLTA ATET P 68

ACTTCGTTATACTAGTGCTCCAGATGTTTCTGGTARARATGGTATTTGGGGCGCTGCCGG 263

L RYTSGSAPDTYSGZXNGTITW®GA ATAG 88 . .

TATCAACGCTGATAACGTGGCAATGACCGCTACTGAAACTATTACCACTAATTCACGCAT 323 FIG. 3. Low-stringency (10% formamide, 42°C) Southern hybridization of

I NADNVYVAMTATETTITTNS R T108 ; ;

CCAAGGCGTTGATCCTATTCTTGATCCAAGCGAAGGTGETCTTGGGGAAGAAGACTTTGT 383 EcoRl-digested total genomic DNA samples of Lactobacillus spp., using a probe
G VDPILDOPSETG GG GTELTGTETETDTF V128 synthesized from a 0.65-kb Kpnl-Hpal fragment of the L. helve{zcus CNRZ32

’I‘?CTETA’}r\CTET’I‘gCAgATgTTgAC’é‘CTgcT;TCgATgGCgTTﬁAGgGT‘C;"I‘CgGCE‘ACCT148443 pepDA gene. Lanes: A, HindllI-cleaved lambda DNA (molecular size standards);

TGTTGAAAAATATGGTACCTACCAAATGAACGATATGECCTTCTCAGATARAGACAATAT 503 B, L. i‘telvencus CNRZ32; C, L. he{ycncus ATCC ‘1()797, D, L. dclbmeckz‘z subsp.

V EXK Y G T Y EMNTGMATF S DK D N T 168 bulgaricus JLS110; E, L. delbrueckii subsp. bulgaricus JLS160; F, L. casei JLS20;

CTGGTACCTTGAAACTATTGGTGGTCACCACTGGATTGCACGCCGCATCCCTGATGATGE 563 i subs

WYL BRI GG HE W T AR Ry M s G, L. casei subsp. pseudoplantarum ATCC 25598.

CTACGTTATCGCACCAAACCGTTTAAACATCGATACTTTCGACTTCGATGACAGCGAAAR 623

Y VI APNRLNTIDTTFTDTFTDTDS E N 208

CTTCGCTACAGCTAGCGACTTAAAGGATTTAATCGATGAATATCATTTARATCCAGACCG 683

F A TASGSDTLTEKTODTLTIDTETYHTLN P D R 228 P . s

TGAAGGTTACAATATGCGTCACATCTTTGGTTCTTCAACTATCAAAGATGCACACTACAR 743 revealed no significant identities to the sequences of any other

E G Y NM®REHETITFGS S S T I K DA H Y N 248 i

CAACCCACGTGCTTGGTACATTCACAACTACTTTGATCCCGACTTTGGCGGCACTCCAGE 803 known proteins. However, to the.be.st of our .knoyvledg.e, the

NPRAWYTIHNYTFDPDTFGGT P A268 sequences of only two broad-specificity bacterial dipeptidases,

AGATCAAGATCAACCTTTCATTTGCCGTGCTAACCGCTTAATCTCAATCGAAGATATTAA 863 .

D@ DQ@PFICRANRLTISIEDT K268 the products of pepD from E. coli K-12 (16) and pepV from L.

9 .. .

N i e delbrueckii subsp. lactis DSM7290 (27), are known. It seems

B T A A T COGAAT TAACAGARACT TTCRRACCCACAT 98 likely that the absence of sequences related to pepDA is the

TTTACAAATCAGAAATGACGTTCCTGCAGAAATTGCGGGTGTCCAATGGTTAGCATTTGG 1043 result of limited knowledge of broad-specificity bacterial

L Q I RNDVPAETIA ATGT YVOQWTIL A F G348 . .

TCCTAACACCTTCAACTCAATGTTGCCATTCTACACCAACGTCACAACCACTCCAGAAGC 1103 dlpeptldaseS-

P NT F N SMULPF Y TNV T T T P E A 368 1idi7at1 1etrie

TTGGCAAACCACTCCTAAGTTTAACTTGAACAAGATTTTCTGGTTAAACAAGTTAACTGC 1163 S.OUthern hybridizations were performed to Stu.dy th? distri

W o T T®PKFNTLNZEKTITFWLNKTL T A388 bution of pepDA among a variety of LAB. Hybridization was

TCAACTTGGCGACACCAACTACCGTGTATATGGCGAACTTGAAGATGCCTTTGAACARAA 1223 . .

0L GDTNGYGRYOYGETLTET DTG ATFE Q K408 detected only with chromosomal DNA from L. helveticus and

GAGTTTAGCGCAATGCCACAAGATTCARCATGAAACTGATAAAGAAGTTAAGAATCTTTC 1283 i ; ; ;

R A T N L & 428 L delbrueckii spbsp. bulgaricus strains. Therefore, either PepDA

AgGCiAGgAAETGCAAGATAAATTAATTGCAGCTAACCAAAAGATGTCTGACACTG’I‘TTA 1343 is not present in most LAB, or the homology between pepDA

QDKL I AANTGOTRKMSDT V Y448 . . . .

CAACAATACTCTCGAACTTTTGGGTCAAATGGTTGACGAAGGTCACGGCTTAATGACTIT 1403 and its homologs in other LAB is too low to detect by this

N NTV ETLTL G M V D E G H G L M T L 468 . . . .

CAAGTACOACT TGO COAC AR A TCAA A WA TA AR R ACOAA TAACAGE TTOAGRATCA 1465 technique. Similar studies have been performed with the pep-

K Y DL L D * * 474 ; ;

TCTCAAGCTCTTATTTTTTACTCARATAATGGAATTGCATCGGCAAGTGTTTTGACTACA 1523 tidase genes pepXP, pepN, pep C’, an.d P?PP N of _L' helveticus

GTCACCTTTTTGGTTATTCCTTCTGACGGCATCACTTGGTCTGGAACAAGTACCACATCA 1583 CNRZ32 (8, 12, 13, 29), The distribution studies for these

ATTCCTGCATTTAATCCTGATTCCACTCCATTTGGTGCATCTTCAAAAATCACTGCTTCA 1643

peptidases indicate that pepDA is the least conserved of the
FIG. 2. Nucleotide sequence of pepDA (nucleotides 1 to 1422) and 3’ end of five genes among the LAB strains tested.

ORF2 (nucleotides —343 to —83). The predicted amino acid sequence is shown To determine whether pepDA plavs a sienificant role durin

in the single-letter code. The putative Shine-Dalgarno sequence (nucleotides . pep p y . g . g

—13 to —8) and rho-independent transcriptional terminators (nucleotides 1447 th? groth of L. he{vetlcys CNRZ32 n milk, th.e gene encoding

to 1459 and 1464 to 1476) are underlined. this peptidase was inactivated. No differences in final cell den-
sities or rate of acid production were detected between the
wild-type and mutant strains. Thus, PepDA is not necessary for

tracts of E. coli CM89(pSUW96). However, no differences the liberation of essential amino acids from casein. The con-

between mutant and wild-type cell extracts were detectable. struction and characterization of single and multiple pepti-
dases mutants of L. helveticus CNRZ32 should clarify the phys-

iological role of individual peptidases in casein hydrolysis.
Currently, the only known components of the proteolytic sys-

L. helveticus CNRZ32 is a strain of LAB which has shown tem of LAB which are essential for growth in milk are the
promise as a starter adjunct in the manufacture of aged proteinase and the oligopeptide transport system of Lacto-

cheeses (3). While the proteolytic activity of the adjunct within ~ coccus lactis (22). . o
the cheese matrix is thought to play a significant role in flavor In addition, no difference was detected in cellular dipepti-
development in these cheeses, the role of individual compo- dase activity during logarithmic growth between the wild type
nents of the proteolytic system has not been studied. and JLS222 with a variety of substrates known to be gleaved by
This study focused on a broad-specificity dipeptidase which ~ PepDA. Therefore, it appears that other, more active pepti-
had been previously cloned from L. helveticus CNRZ32 (20). dases from L. helveticus CNRZ32 have overlapping specifici-
The pepDA gene was further subcloned in both possible ori- ties w1t.h PepDA. Further investigations will k_)e requlreq to
entations with respect to the lacZ promoter in pUC19. Since determine the number of d1p<?pt1dases present in L. helveticus
transformants containing either of these constructs exhibited =~ CINRZ32 and their physiological roles.
PepDA activity, this suggests that the entire pepDA gene, in-
cluding transcriptional promoters, has been subcloned. ACKNOWLEDGMENTS
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