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Proteolytic Systems of Lactic Acid Bacteria in Milk Fermentation

Oun-Ki Chang, Kuk-Hwan Seol, Min-Kyung Kim, Gi-Sung Han, Seok-Geun Jeong,
Mi-Hwa Oh, Beom-Young Park and Jun-Sang Ham*

National Institute of Animal Science, RDA, Suwon 441-350, Korea

Abstract

Lactic acid bacteria (LAB) have been used as starter cultures in the manufacturing processes of fermented dairy products
such as cheese and yogurt. LAB have a proteolytic system to use the nitrogen source from milk for their growth. The
proteolytic system involved in casein utilization provides cells with essential amino acids during growth in milk and is also
of industrial importance, because of its contribution to the development of the organoleptic properties such as flavor of
fermented milk products. In the most extensively studied LAB, Lactococcus lactis, the main features of the proteolytic system
comprise 3 groups. The first is proteinase, which initially cleaves the milk protein to peptides. The second group consists
of transport systems for the internalization of oligopeptides, which are involved in the cellular uptake of small peptides and
amino acids. The third group, peptidases in the cell, cleaves peptides into smaller peptides and amino acids. This review
is to provide the information about the proteolytic system of LAB.

Keywords: LAB, proteolytic system, milk, proteinase, fermented milk

M B 7b Ak A E e Aoldle RWHAI R A 83
molecule(¥4], ohS o2 lsl= AT FFStHNouaille

B2 F79 Lactobacillus, Lactococcus, Leuconostoc, Pedi- 5, 2003).
ococcus, 12| 1L Streptococcus®] && XT3 f2bd(lactic St 7P} 208 HLLS AT ojx|glo] vhordt
=

WEFAF AZNA starter2A o] ARgolet & = Utk 5
3] Streptococcus thermophilus(S. thermophilus), Lactococcus lactis

(L. lactis), Lactobacillus helveticus(L. helveticus), 12| 3. Lacto-
o}

acid bacteria, LAB)2 13X & W] 3¥2} 2 catalase-negative,
ZAY7IH R AFogd F ) th(Axelsson, 1998)
FAFES TSt HEAE 58, AIEE AL

§ 5014 k=t (Leroy¥} Devuyst, 2004), o™ bacillus delbrueckii subsp. bulgaricus(L. bulgaricus)=
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ol 55 Tuolornt gt ol g AES - T o
Bo] EAlsta, ofnieste] 9 YRR o] &=+ casein?
7hitsiel oJa] Alg ol it

vk o2 Fakol 93t casein®] ]8>
(cell envelope protease, CEP)E ©]-&-3}o] w2
2 Falete As AFCE ot I thy A%5%
O Z fabgol 38 424 A 28 (transport system)ol] 2] 3]
A o] &3 ¥ oligopeptideES U 2 peptide® 31| 317]
ko] At WHZ @ntel o g J8 3 mpxge s
WHE 5012 peptideE> Th¥3 peptidase®] 5282
2 Q13| peptideE°] di- =2 tri-peptideZ 3l = AL} &2
ofp i Ato 2 RaH e AP O E o] Fo] X th(Fig. 1)(Kunji
o, 1996; Christensen 5, 1999).
FrAbtE°] CEPE $Hrstal AA|Rh o] 5
2 2

2 nonstarter T2+ S = CEPE &

EEEL S
KN
=

oligopeptide

AELS HERY AR o FA ol FIFE mA= A
Z gzl Aol 7] wFolth I8 ERE ¥ 5o AF3E
olgA AAACE AHo] e B F2AA ARE
Hate AEe] AL Jom, AF7A fFakd FollA
7V 3 A AFE-El = dairy starter?] L. lactisoll O] 3k

7213) =] o] th(Kok# de Vos, 1994; Poolman 5, 1995; Kunji
%, 1996; Mierau 5, 1997; Christensen %, 1999; Doeven
2005). L. lactis®] S A 7FEEal] Al 282 casein 30,
db casein 2] peptide 127 1A Q] 2= Lol thgk ok
gk 22 ofn] A7t Bl K1) o] rKGuedon 5, 2001a,
b; den Hengst -5, 2005a, b).

HANTA] Fakat starter2 ARESEH, SR F EAH R
AbtS L lactis(Bolotin 5, 2001), S. thermophilus(Bolotin
%, 2004; Delorme 5, 2011), Lactobacillus sakei(Chaillou 5,
2005)°|H, th& Z=ZHlo] Q8 [FAMF S E B longum supsp.
longum(Ham -5, 2011), L. plantarum(Kleerebezem 5, 2003),
L. acidophilus(Altermann 5, 2005), 12| 3L L. johnsonii(Pridmore
5, 2004) T°] Atk
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Fig. 1. Representation of the proteolytic system of lactococci in casein breakdown containing theire regulation (model of Doeven et al.,
2005). CW: cell wall, M: membrane, C: cytoplasm, A: casein breakdown by cell envelope proteaseand transport and peptide internalization
by transport system. B: intracelluar peptidase action on oligopeptide transported in cell. C: regulation of cell envelope protease by CodY
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Ao 2 5ty ©id JheEs) A A" 58] A WA ©
A S 7R EAE V|FOE o] ALH Y ARE A
ok lon, dlEsE 2E3te 7]2ke] ol el
2 =
— [—
1. £ 25 § A (Cell Envelope Proteinase, CEP)
kol 28t casein 1€ A WA GAE FAHE9

CEP°ﬂ 4 gk Aot} o] &40 57HA] vhkdk 74 CEPs
7} S ZHHE xg 3tehz 9 gAstH o Z EAEHYL
*245191‘3]' 59 B o Kok 5, 1988; Holck
I} Naes, 1992; Gilbert %5, 1996; Pederson %, 1999; Siezen,
1999; Fernandez-Espla 5, 2000; Pastar 5, 2003; Chang, 2011).

1) PrtP ; Lactococcus lactis, Lactobacillus paracasei
2) PrtS ; Streptococcus thermophilus

3) PrtH ; Lactobacillus helveticus

4) PrtB ; Lactobacillus bulgaricus

5) PrtR ; Lactobacillus rhamnosus

FAF S AP A O E A shtbe] CEPYHE Z2HA] = =H,
5 702l CEPs7} L. helveticus$} L. bulgaricusll S48 A
© 2 X 7 E S th(Stefanitsi 5, 1995; Pederson 5, 1999; Sadat-
Mekmene 5, 2011). 8 FH Lol S, thermophilus 4F44 %9l
A= CEP7} ¥iA] 8l 2 F2] 5o b} eE CEP(released PrtS)
7F EAgT . Hskink S vhE faaEA 9 CEP7} Al
EWof EAISIAL, 40% H L7 He R %3151% Z o] tHChang

= 2012).

FrAlF o] &= fFAkte] CEPst YRFCE th=F 2000
ol A4t Z7E A= ZE]Z 1 A (preproprotein) = &
et oA E e FHEE 71534 S <(functional

domain)©. 2 = o] 3] tHFernandez-Espla 5, 2000; Siezen,
1999) (Fig. 2). 5, N-E|v| 92 5-¥ CEPs& U T=VWIIES

1) AlZ2d A1 2(signal sequence, ~40 Zt7]);
CEPE We = wiEAIZ. He & CEP W&
peptidase©l] &J3] A A

2) Z 25w <l(prodomaine, PP, ~150 residues);
CEP9] maturation®l] ¥

3) 71€8 & ¢l(catalytic domain, PR, ~500 residues);
serine”| protease 2 A catalytic triad (Asp, Ser, His) -

Aol 71Hd 2&

4) 4 =l (Insert domain, ~150 residues);

signal

T

o]

CEPs9] 714 Solid& =4d¢
5) A = (A domain, ~400 residues);
oFA7FA] 11 7)5 0] & delA YA ok, 71de] 4
= moz oA
6) B =9 QI(B domain, ~500 residues);
CEP &4 3 So]4d& <Hgstel 3o
7) H =1 1(Helix domain, ~200 residues);
Al vbZ2E A9 B THlQle] X E sk o
8) W domain(cell wall
d/delm Alxy

b’l—

spacer domain, ~100 residues);
P ERESSIES

B =Wl tjF-&9] CEPsoll A EAIst=dl WHsll, S ther-
mophilus®] PrtSol| A= ZA| &HA] F=h PriSe] W = Q12
IgFA A Hephhs Alzd Zude] A3 A2 ofn|
LA 2AE R3Stk &, Pro-Gly 123 Ser-Thro] o]
SA gt who] H =r Q12 ©HA] PrtP(210 oFv] =4, PrtS
(367 oFu|’=2b), PrtH(72 oFv| =aholl A gt Zx) gk}, vl a 7}
SH3F2 PP} PrSol A, W = ele AN =1 ¢)(anchor
domain)d el EA) st} PriPol PrtSe] AN E=wW Q1S 15k
Aol AEY o] A s, A8 A2 sorting signal=

e el=d] #Hsle] 2-&3ktH(Navarre?} Schneewind, 1994).
PriRe] B =W 912 v 1 A717F 2o, HeH 1 E=w 2lo]
Aoxo] ot I3 9] W =M1 streptococci®] 93l 3E
A ojd g MxE 19 g} F o fFASHH, AN T

cw [M|c
g

I
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Fig. 2. Schematic representation of CEPs of different LAB strains
(model according to Siezen, 1999; Fernandez-Espla et al., 2000;
Savijoki et al., 2006).
CW: cell wall, M: membrane, C: cytoplasm, PP: preprodomain,
PR: catalytic domain, I: insert domain, A: A domain, B: B domain,
H: helix domain, W: cell wall spacer domain, black dot: sorting
signal, and AN: anchor domain.
PrtP: Lactococcus lactis - Lactobacillus paracasei,
thermophilus, PrtR: Lactobacillus rhamnosus,
helveticus, PrtB: Lactobacillus bulgaricus.

AN

PrtS: Streptococcus
PrtH: Lactobacillus
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912 H] A4 sorting signals 7R 2L ] th(Pastar 5, 2003).
I#FAAFA = AMEH 1A AF3t= CEPS Al 7HA
Aol 9tk st 7P Auka © 2 peptidoglycanoll 41 AN
=19 sorting o} =4t A AK(sorting motif)$! LPXTG]
Thre] FFAg el o) o] Folx= Zolth olHg 7]
E CEP7} Al 2ol Aesh= 2 CEPs 5 PrtP2t PrtSe]
o} WbAo) PrtRe] 7 $- sorting oFv| Ak Q1 x}7L Bl & A 0
2 LPXTG th4lel MPQAGZ Leud Met #H7]17F 242 Met
I Alal 2 oA 5] Ath(Pastar 5, 2003).

T HAZEE W B ddedA HY CEP7F 2gE = Zlo]

oW EHRle A B AH G AEl ofsl vl
= w21 olm, FHEHE W obH| i

o] EA k= W LHllell ol o] Foj itk ol H g 79

of 3F=E = FAHES L bulgaricus®) PHGermond 5, 2003).

R Ee 2 A WA 712 W EH Qe $]X]3t= S-layer
T elol o&) o|F oA L helveticus 73-%-, PrtH-2 sorting
o)l qt AAZF EAsA] kot Al E ol Agetr] fls] 1
£ S-layergt ¥l Fat9] 71A& Fote] Alxde A
3t t(Sadat-Mekmene 5, 2011).

o]# 3k CEP7} Al E ¥1o 2 Felxo x| Agsl=
o lo] T b2 d49l transpeptidasase®] sortase2] & &o]
83tk Sortase ®EAE F 7HA 71%S dhedl, stue
endopeptidase 241 2] & &3} 18] 3 ThE Sl= transpeptidase
gs+S gtk @A CEPL] AN | ¢loll 91+ sorting o}
A Q1AFQ1 LPXTGE ©] sortaseZh= &.427} endopeptidase
24 #-g3te] Thrt Glyel peptide 23S 7HE33ta,
Thr peptidoglycanol] AZAAA AsHAH ot 2H&= o
TH(Chang 5, 2012). ©] 2|3 sortase= ITHFAIF HLA
uA= AlxHel e wide] A 71d 3 fAkekoh
WA v ES e IR F 9 sortaseol] o8l <14

= Mg S B A9 sorting o} =4t 1&Fe} T
A le] &g A2 Table 10 YR itk o704 B0l
Z} sortase= S5 sorting QIAFE 7HAlE T A S AL o)
AAZ F Utk ¢l E £ 2719] sortase A9t Bl tisk 11 &

Table 1. Different classes of sortase in gram positive bacteria

3t sorting AR ZHF LPXTGSF NPQIN+= Staphylococcus
aureus®l| A o|n] T4 2 574 3t= A th(Marraffini 5, 2006).
F ol Oxaran 520102 At L lactis L1403 A &=
sortase C7F A $Hch H 73819 21, o] sortase C= VYPK
= X33 LPXTGE 743 5= piline T3 A& Q14 gt}
U] Y

-3, CEP2] maturationdl &3l L. lactis 73-5-, prtP F-Z A}
= AlEzgte] A%E lipoprotein(PrtM)< encodingstA A &
Atell o3l s Et}. o] PrtM PrtP2] autocatalytic maturation
< 98 <=2 o] ti(Haandrikman %, 1989, 1991). ¥k ol L,
helveticus, L. bulgaricus, <& S. thermophilusl A= o] w3
prtM AL CEPE encodingst= F2olA TS A &
3} 93 th(Fernandez-Espla 5, 2000; Siezen, 1999). ©]= Th&
WA o2 CEP7F o] fAtFdll A= Aozt & 4 9l
o &8 L bulgaricus®] CEP®] maturation 4 oA preM=}
72 chaperone 87-= XA Z=TH BILE L THGilbert
o, 1996; Germond &, 2003).

CEPs= 7|32 A EN A H = caseing H A& g}
Caseine a@g-, ao-, B-% k-casein® Y &, 2t &
2 49 proline #71& &F3l=dl, ol A2 «-heliceset £-
sheets®] FA S "8l 512, random coils?] A4S F7HAI1Z
o} o]t 23k 32 544 CEPse 248 S7HA7I&
ZE WA =Ho] CEPs®] M &olatA & 4 Arh(Fox,
1989; Miclo & 2012).

Lactococcus PrtPE= PI} PIII type & 2 112 &= JE=H], 9]
RAEL aa-, ao, B-F k-caseindl & 159 7|12 5ol
Aol 2l8] FEFATHKunji 5, 1996). PI type2] CEP:= B-
casein®l] sl T Wl FalE AlA 1007 ©]7¢e] thE oligo-
peptideE A 2HSF=dl, peptidee] 71 4~307 o} =it
Z719] Wl Ath(uillard 5, 1995). & -casein> ©] &4
of o3l & a3l =A] =t WA PlI type -, o,
B-3 k-caseing FIA & F;ME F Uch(Pritchard
Coolbear, 1993). L. helveticus®] 73-%-, CEPs PI-, PIII-, inter-
mediate PL/PIII-type?} oW A 28 72| 7]d EojXo] B

Sortase Sorting motif and cleavage site* Bacteria
A LPKT-Ge Bacillus, Listeria, Staphylococcus, Enterococcus, Streptococcus
B NPQt-nd Streptococcus, Bacillus, Listeria, Staphylococcus, Clostridia
C L(DPKT-GG Actinobacteria, Bacillus, Enterococcus, Clostridia, Lactococcus lactis
LPnT-At
D L AZT- Ga Bacillus, Actinobacteria

*Uppercase letters represent amino acids that are absolutely conserved.

(Comfort} Clubb, 2004; Dramsi %, 2005; Oxaran %, 2010)
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3 5] 9 tH(Sadat-Mekmene 5, 2011). R S thermophilus
oA E2]¥ CEPS PrtSE PI/Pll-type £4 70 712 &
0]A& H o5 tH(Femandez-Espla 5, 2000).

2. Oligopeptide & AlAE

- T2 casein ] F WA T S T rh R
"4 A2E e 2HA BAI= CEPol 93l 3l ¥ peptide®]
ol Sl o] A8 TEAHOE o] Fo|XIth Opp Al
dolgt e 7] 93] o] FoZth(Doeven 5, 2005).
Opp @ &2 e 71X Y& ABC type transporter®]
£ transport system©|t}. L. lactis®] Opp Al2=H®2 th53 2
o] A= o] Urk(Fig. 3).

1) OppA: oligopeptideE 3
2) OppB et OppC: peptide &2 ¥ /d sk Axeh Tz
3) OppD et OppF: ATP7} ©]-&%&= ATPase &

L. lactis®] Opp Al Z=®l> 18719 ofw] it 2H7]1& 7HA &=
peptide7HA] Al W H-2 28K &= 9l om, o] 2 peptide®] 5
232 transport kinietics®ll S FTHDetmers 5, 1998; Juillard
5, 1998). YubH 0 & T 4kt e] Opp A" 138A &
o] AFE ] YA= F2, S thermophilus(Garault -, 2002)
o} L. bulgaricus(Peltoniemi 5, 2002)14 Opp A1 Z2=¥l°] Lacto-
coccus®) AT ARG A FE Blvta RStk S
thermophilus*1 <1 OppA2t F+AFeH X AHE encodingdted oligo-
peptideE Al 22 WH-2 @bel=t] o] &&=, 13 Opp
A" diAlell Ami A" o]gt F-ETHGarault 5, 2002).

L. lactis MG13639} 1L1403 S04 peptide <-4¥+S 913 &&
o2 Al2"lo] FAE S, o] proton motive force(PMF)-
driven dipeptide/tripeptide(DtpT)3%} ATP-driven Dpp(DtpP) system
< Z¢H3lti(Hagting 5, 1994; Foucaud 5, 1995). Dpp= di-,
tri-, 2] 3L tetrapeptides& T 4= JoH, JH o=z &
43 branched-chain amino acids(BCAAs)E 3 §5H, tripeptides
o 74 21848S ¥olthSanz =, 2003). WHH o] DpTE =
O FAes | 283 deE W di 183 tripeptide <5F
o] A §slth(Hagting 5, 1994). L. helveticus €I Al PMF-driven
DtpTE encoding3H=Hl, ©|& Lactococcus$} A 5445

Zd tH(Nakajima 5, 1997).

3. M= peptidases

S S A S o] &317] 918 FrAkt €] proteolytic system
o] miR| Bt TPAI= AIZWE 52 oligopeptide”t A Z W ok
&g peptidase®] F-s2H-goll o8] O &l == Aol thKunji
5, 1996). frataol 23l peptide?] ©]-82 1E9| peptide
&Rb A2/ o] 5403 T159] Al W peptidase 3277 €] )3l

o €7 3
Peptidase= exopeptidase =2 endopeptidaseZ - 5] o]
2~ L

A 4 At} Exopeptidase= peptide 23S 7Fri3l 3t=d
N-terminal =2 C-terminal 9] polypeptide2] 235 #3)| 5l
ofu iz ibo] F-2] E]A ghek ¥FA o) endopeptidases= oligopeptide
79 peptide A2 H3lj 3t

B2 9 M XY peptidaseE©l S. thermophilus 2 T3t
Lactococcus 1813 Lactobacillus o4 A3}tz oz &

7 315 ) ti(Table 2). Al W endopeptidases, & HH 21 amino-

Opp 4

1 2

3
%

- .
.
ADP peptide
+ Pi
3 4

Fig. 3. Oligopeptide (Opp) transport system model in gram positive bacteria (model according to Doeven et al., 2008). 1: Oligopeptide
fixing (OppA), 2: OppA change conformation. ATP is going to fix to ATPase (OppD et F). 3: under ATP fixation, 2 permeases change
conformation, oligopeptides are fixed to OppB and OppC. 4: ATP hydrolysis allows to internalize oligopeptide. All systems back to their

initial conformation.
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Table 2. Peptidases genetically and biochemically characterized from LAB (Model according to Savijoki et al., 2006)

Peptidases LAB strain Type1 Substrate speciﬁcity2
Endopeptidases NH,-Xn |, Xn-COOH
PepO L. lactis P8-2-47 M

L. lactis SSL135 M
L. helveticus CNRZ32 M
L. rhamnosus HN0O1 M
PepO2 L. lactis IL1403/NCDO M
PepF1 L. lactis NCDO763 M
PepF2 L. lactis IL1403/NCDO M
Pep02 L. helveticus CNRZ32 M
PepO3 L. helveticus CNRZ32 M
PepE L. helveticus CNRZ32 C
PepE2 L. helveticus CNRZ32 C
PepF L. helveticus CNRZ32 M
PepG L. delbrueckii subsp. lactis DSM7290 C
PepO S. thermophilus A M
Aminopeptidases
PepN L. lactis Wg2 M NH,-X | Xn-COOH
L. lactis MG1363 M
L. delbrueckii subsp. lactis DSM7290 M
L. helveticus CNRZ32 M
L. helveticus 53/7 M
S. thermophilus A M
C
PepC L. lactis Wg2 C NH»-X | Xn-COOH
L. delbrueckii subsp. lactis DSM7290 C
L. helveticus CNRZ32 C
L. helveticus 53/7 C
S. thermophilus A C
PepS S. thermophilus A M
PepA L. lactis F11876 M NH,-Glu/Asp |, Xn-COOH
PepL L. delbrueckii subsp. lactis DSM7290 S
Tripeptidases
PepT L. lactis MG1363 M NH-X | X-X-COOH
L. helveticus 53/7 M
Dipeptidases
PepD L. helveticus 53/7 C NH,-X | X-COOH
L. helveticus CNRZ32 C
L. lactis MG1363 M
PepV L. delbrueckii subsp. lactis DSM 7290 M
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Table 2. Continued

Peptidases LAB strain Type1 Substrate speciﬁcity2

Proline-spesific

PepQ L. delbruecki subsp. lactis DSM7290 M NH;-X | Pro-COOH
L. bulgaricus B14 M
L. bulgaricus CNRZ 397 M

Pepl L. bulgaricus CNRZ 397 S NH,-Pro | Xn-COOH
L. delbrueckii subsp. lactis DSM7290 S
L. helveticus 53/7 S

PepR L. helveticus CNRZ 397 S NH,-Pro | X-COOH
L. helveticus 53/7 S
L. rhamnosus 1/6 S

PepX L. lactis NCDO763 S NH,-X-Pro | Xn-COOH
L. delbrueckii DSM7290 S
L. helveticus CNRZ32 S
L. helveticus 53/7 S
L. rhamnosus 1/6 S
S. thermophilus ACA-DC4 S

PepP L. lactis M NH.-X | Pro-Xn-COOH

' Catalytic class of peptidase according to sequence analysis or biochemical characterization.

® The arrow indicates the cleavage site.
M; Metallopeptidase, C; cysteine-peptidase, and S; serine peptidase

peptidases(PepN=+ PepC) 12|37 X-prolyl dipeptidyl amino-
peptidase(PepX)= oligoeptideol] 2Hg-3t= 2 M peptidase
o]t}

Endopeptidase®] 3-52% 542 casein AHA S &l S
A= THol glthes AR T casein 2 peptide= 15 U
9] peptide A¢S T 7= Avke Aolth d& 9

@ q-casein f1-23 2 S -casein £193-209 THS F-AH starter
9] endopeptidase”t 7Hg & FallE & F Ue DdHOITh ag-
casein f1-23 @A 37} £ -casein 203-209 ©3H <] post-proline]
3k A3k Eo]X 9] non starter?] L. rhamnosus HN0012|
PepOol] 2]8 S =W, starter strain L. helveticus CNRZ32
o A PepO20ll thall 58 =] %] tH(Christensson 5, 2002; Chen
= 2003).

L. lactis PepF= o172t 7~17 Z71E 7HA= peptide S
oot AT ofye}, A4 FEe] 5 Aol &
W Aol 88 #gghtty B E Yt Monnet 5,
1994; Nardi 5, 1997). FH AT 71d Sl 7K 4
St ot o 25 E] 5431 peptidase == metallopeptidase
9] PepN 121 cysteine peptidase PepC7} <A) 3T},

S. thermophilus®] 735, 15712 peptidase”} 712 S ©] &3}

_‘

o A==, 3719 oligoendopeptidase(PepO, PepEP 1
2] 3L PepF), 471 2] aminopeptidase(AP1, PepC, PepN ZLZ] 3L
PepA), 471 9] proline ¥+ peptidase(PepX, Prd : prolidase, P
: prolinase, PepP : aminopeptidase P) 123 47 9] di/tri pep-
tidase(DP1, DP2, TP1 1] 3 TP2)o] E}(Rulﬂr Monnet, 1997).
S. thermophilus KLDS3.05032 1271¢] 7152 st= Al 2y
peptidase”} AN FFEAL SFAEH], ZIA1E> PepO, PepA, PepN,
PepC, PepS, PepB, PepQ, PepV, PepT, PepM, PepXP, PepPo]
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