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IntroductIon

Dairy products are foods prepared by fermentation from the raw material, milk. Examples 

are, sour cream, quark butter (milk), and cheese. (1). Milk is widely consumed around 

the world: according to the OECD–FAO1 Agricultural Outlook 2019-2028, the world milk 

production (81% cow milk, 15% buffalo milk, and a total of 4% for goat, sheep and camel 

milk combined) reached 838 million tons in 2018 and is projected to reach 981 million 

tons by 2028 (2). Dairy products are tremendously diverse because of the versatile 

composition of milk and the types of microorganisms that can grow in milk. They 

contain many essential nutrients such as oleic acid, conjugated linoleic acid, omega-3 

fatty acids, vitamins, minerals, high-quality proteins, peptides, and oligosaccharides 

(3). Besides offering these nutritional values, dairy product like yogurt and cheese also 

provide attractive organoleptic properties, i.e. texture and flavor, to enrich our daily diet 

(4) (Fig 1A).

Milk contains 2 major protein groups: caseins and whey proteins. Casein accounts for 

80% of the proteins in bovine milk while whey proteins constitute the rest. Bovine casein 

is composed of four main subtypes according to the homology of their primary amino 

acid sequences: αs1-casein (αs1-CN), αs2-casein (αs2-CN), β-casein (β-CN), and κ-casein 

(κ-CN) (Fig 1B). Bovine whey protein is composed of β-lactoglobulin (β-LG), α-lactalbumin 

(α-LA), serum albumin (SA), immunoglobulins (IgGs), secretory component (SC), and 

lactoferrin (LF) (5).

Casein can be used in food application as the intact form present in mil; it can also 

be dissociated into caseinates, or hydrolyzed into peptides. In recent years there 

is an increasing interest in bioactive peptides derived from casein hydrolysates for 

bio-functional food applications (6). β-Casein is a precursor for a variety of bioactive 

peptides that play different biological functions and can positively affect the 

cardiovascular, immune, nervous, and/or human digestive system (7) (Fig 1C). These 

bioactive peptides generally comprise 2–20 amino acid (AA) residues (8). They are inactive 

within the sequence of the precursor protein and can be liberated via three possible 

mechanisms: (i) by gastrointestinal digestion (8); (ii) by proteolytic microorganisms (9); 

(iii) by proteolytic enzymes from plants or microorganisms (10). 

1 OECD: Organization for Economic Co-operation and Development; FAO: Food and Agricultural 
Organization of United Nations.
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Figure 1. Dairy products and their bioactive effects on human body. A) Representative 
milk-derived (dairy) products. Clockwise, starting at noon: cheese, sour cream, soured or butter milk, 
ice cream, butter, yogurt. In the center: the raw starting material, milk. B) Pie chart showing the milk 
protein composition and percentage ratios; the stacked bar chart displays the casein composition 
and percentage distribution (11). C) Bovine β-casein-derived peptide bioactivities benefiting men.1 

1 Standard licenses of the vector images used in Fig 1 were bought from shutterstock.com. The image 
IDs are 749418175, 1439669003, and 531099811, respectively.



Chapter 1

10

FunctIonalIty oF bIoactIve peptIdes derIved From β-caseIn

C a s e i n o p h o s p h o p e p t i d e s G I / I M M U N E Sy s t e m

Caseinophosphopeptides (CPPs) are phosphorylated casein-derived peptides that can 

bind to and solubilize minerals such as calcium and zinc (12). Phosphorous is bound to 

caseins via monoester linkages to serine residues. Bovine β-casein contains 5 serine 

residues which can be phosphorylated. Two CPPs have been identified in bovine 

β-casein, namely (numbering of precursor β-casein) fragment 16-40 (f(16-40)) RELEEL-

NVPGEIVESLSSSEESITR and f(16-43) RELEELNVPGEIVESLSSSEESITRINK. The in vivo 

formation of f(16-40) was found to occur in the small intestinal tract of rats ingesting 

β-casein. This CPP increased the concentration of soluble calcium in the lumen of the 

distal ileum, enhancing the passive type of calcium absorption (13). Moreover, f(16-40) 

was also reported to affect the proliferation of mouse spleen cells and rabbit Peyer’s 

patch cells(14). β-Casein f(16-43) was proven to have multiple immunoenhancing 

activities such as increasing immunoglobulin activity and cytokine production in human 

T, B and monocytic cell lines (15), and stimulate both proliferation and interleukin (IL)-6 

expression of CD19+ cells (16).

β - c a s o m o r p h i n s G I / N E R VO U S / C A R D I OVA S C U L A R / I M M U N E Sy s t e m

The opioid system plays a central role in modulating our mood and well-being; it 

consists of 3 G protein-coupled receptors (GPCRs): μ-, δ-, κ-. These receptors are located 

in the nervous, endocrine, immune systems, and in the intestinal tract of the mammalian 

organism (17, 18). They can interact with their endogenous as well as with exogenous 

opioids. β-casomorphins (β-CMs) are peptides with opioid activity and derive from 

bovine β-casein. β-CMs are μ-receptor agonists that possess many other biological 

activities (Table 1). The heptapeptide β-CM7, isolated from a bovine peptone digest, 

was the first exogenous opioid peptide described (19). Apart from its opioid activity, 

β-CM7 contributes significantly to mucin production in the gastrointestinal tract 

through the µ-opioid pathway (20). It was also shown to have a hypoglycemic effect 

on diabetic rats by increasing the level of plasma insulin (21). Moreover, β-CM7 exhibits 

angiotensin converting enzyme (ACE)-inhibitory activity with a half maximal inhibitory 

concentration (IC50) of 500 µM (22). β-CM5 is the strongest opioid agonist of the β-CMs 

identified so far and is particularly resistant to proteolytic digestion. It was shown to 

slow gastrointestinal motility in young rats (23). More recently, a rat colon in vitro study 

revealed that it increases mobility in the distal colon segment while it decreases mobility 
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of the whole large intestine (24). In addition, β-CM5 can stimulate neurite outgrowth of 

neuro-2a mouse neuroblastoma cells (25), and improves the disturbance in learning and 

memory resulting from cholinergic dysfunction (26).

Table 1

β-casomorphins (β-CMs) derived from bovine β-casein and their bioactivities

Name Sequence a Start b End b Bioactivity and Reference

β-CM4 YPFP 75 78 Opioid (27), Anticancer (28)

β-CM5 YPFPG 75 79
Opioid (29), Promotes neurite outgrowth (25), Mod-
ulates intestinal motility (24), Improves learning and 

memory (26),  Induces inflammation (30)

β-CM6 YPFPGP 75 80 Opioid (31), DPP-IV-I (32)

β-CM7 YPFPGPI 75 81

Opioid (33, 34), Increases satiety (35), Antioxidative 
and Hypoglycemic (21, 36), Stimulates mucin secretion 
(20), Induces inflammation (30), Decreases anxiety and 
nociceptive sensitivity (37), Antiproliferative (38), ACE 

inhibitory (22)

β-CM8 YPFPGPIP 75 82 Opioid (39), ACE-I (40)

β-CM9 YPFPGPIPN 75 83 Opioid (33), ACE-I (41), DPP-IV-I (42)

β-CM11 YPFPGPIPNS 75 84 Opioid (43)

β-CM13 YPFPGPIPNSLPQ 75 87 Opioid (33)

β-CM21
YPFPG-

PIPNSLPQNIP-
PLTQT

75 95 Opioid (33)

a The peptide sequences are presented in the one letter amino acid code.
b The start and end positions of peptide from bovine β-casein sequence including signal peptide, sequence 
from UniProt (www.uniprot.org) with accession number P02666.

D i p e p t i d y l  p e p t i d a s e - 4 i n h i b i t o r y p e p t i d e s G I  s y s t e m

Dipeptidyl peptidase-4 (DPP-IV) can hydrolyze incretin hormones such as 

glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 

(GLP-1). These hormones enhance insulin secretion from pancreatic β cells in response 

to different nutrients. Inhibition of DPP-IV can prevent incretin degradation and, thus, 

DPP-IV inhibitory drugs are used to control high blood sugar in adults with type-2 

diabetes (T2D) (44). To date, 21 DPP-IV inhibitory peptides have been identified from 

bovine β-casein (Table 2). They range in size from 3 to 9 AA residues with their DPP-IV 

IC50 values ranging from 46-1300 µM. Half of the peptides derive from bovine β-casein 

f(75-95). The majority of these peptides have a proline at the second position from the 
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N-terminal, indicating a possible structural pattern for DPP-IV- inhibitory peptides. 

Tripeptides with the sequence X1-Pro-X are competitive inhibitors of DPP-IV, e.g. LPL and 

LPQ, possess IC50 values of 82 µM and 241.4 µM, respectively. Small peptides are difficult 

to detect by mass spectrometry due to technical limits, but with the fast development 

of LCMS in recent years, more short peptides with DPP-IV-inhibitory activity might 

be uncovered that are possibly hidden in bovine β-casein since it contains 36 proline 

residues.

1 X indicates any amino acid residue

Table 2

DPP-IV inhibitory peptides derived from bovine β-casein

Sequence a Start b Endb DPP-IV IC50 value Reference

VPGEIVE 23 29 224.5 ± 66.3 µM (32)

YPFPGP 75 80 749.2 ± 122.3 µM (32)

YPFPGPIPN 75 83 670 µM (42)

FPGPIPN 77 83 260 µM (42)

PGPIPNS 78 84 1000 µM (42)

LPQ 85 87 82 µM (42)

LPQNIPP 85 91 160 µM (42)

LPQNIPPL 85 92 46 µM (42)

LPQNIPPLT 85 93 205.2 ± 32.5 µM (32)

PQNIPPL 86 92 1500 µM (42)

IPPLTQT 89 95 465.1 ± 73.7 µM (32)

IPPLTQTPV 89 97 1300 µM (42)

FLQP 102 105 65.3 ± 3.5 µM (45)

YPVEPF 129 134 138.0 ± 15.3 µM (46) 

LPL 150 152 241.4 ± 11.4 µM (47)

LPLPL 150 154 325.0 ± 15.2 µM (47)

LPLPLL 150 155 371.5 ± 60.6 µM (32)

LPVP 186 189 87.0 ± 3.2 µM (46) 

LPVPQ 186 190 43.8 ± 8.8 µM (32)

VLGP 212 215 580.4 ± 11.3 µM (45)

a, b See legend to Table 1.
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Ant i m i c r o b i a l  p e p t i d e s I M M U N E Sy s t e m

The continuous overuse and misuse of antibiotics has resulted in the worldwide 

emergence of multidrug-resistant bacterial strains (48). Therefore, it is important to find 

new (alternatives for) antibiotics in order to cope with the antibiotic-resistance crisis. 

Antimicrobial peptides (AMPs) are short and generally positively-charged peptides; 

they have been isolated from a wide range of sources (49). AMPs generated from food 

proteins have the advantage of being derived from harmless substances. Table 3 shows 

the AMPs derived from bovine β-casein. Their antibacterial effect has been examined 

against a selection of pathogenic bacteria (50) (51) as well as against probiotic bacteria 

(52) because an inhibitory effect on probiotic bacteria would thwart possible beneficial 

effects. Indeed, in the latter study, all the investigated β-casein-derived AMPs exhibited 

antimicrobial activity against the pathogens (Staphylococcus carnosus, Escherichia coli) as 

well as the probiotic bacteria (Lactobacillus casei, Lactobacillus acidophilus).

Table 3

Antimicrobial peptides (AMPs) derived from bovine β-casein

Sequence a Start b End b Antimicrobial activity against c Reference

RINK 40 43 L. innocua, St. carnosus (50)

RINKK 40 44 E. coli, Lb. innocua, St. carnosus (50)

NKKI 42 45 E. coli, Lb. innocua, St. carnosus (50)

VKEAMAPK 113 120 E. coli, St. aureus, Lb. casei, Lb. acidophilus (52)

EAMAPKHK 115 122 E. coli, St. aureus, Lb. casei, Lb. acidophilus (52)

EAMAPK 115 120 E. coli, St. aureus, Lb. casei, Lb. acidophilus (52)

HKEMPFPK 121 128 E. coli, St. aureus, Lb. casei, Lb. acidophilus (52)

EMPFPK 123 128 E. coli, St. aureus, Lb. casei, Lb. acidophilus (52)

VLPVPQK 185 191 E. coli, St. aureus, Lb. casei, Lb. acidophilus (52)

VLPVPQKAVPYPQR 185 198 E. coli, St. aureus, Lb. casei, Lb. acidophilus (52)

AVPYPQR 192 198 E. coli, St. aureus, Lb. casei, Lb. acidophilus (52)

YQEPVLGPVRGPFPI 208 222 E. coli (51)

YQEPVLGPVRGPFPIIV 208 224 E. coli (51)

a,b See legend to Table 1.
c L, Listeria, St, Staphylococcus, E, Escherichia, Lb, Lactobacillus
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I m m u n o m o d u l a t o r y p e p t i d e s I M M U N E Sy s t e m

An immunomodulator, according to the Merriam-Webster's dictionary 1, is “a chemical 

agent that modifies the immune response or the functioning of the immune system”. 

Immunomodulatory drugs such as cyclosporine and glucocorticoids are widely used 

to autoimmune disease and chronic inflammatory conditions like arthritis, respectively 

(53). However, adverse effects and high price restrict their application and most 

immunomodulatory drugs are not appropriate for long-term or preventive uses (54, 

55). The discovery of increasingly more novel immunomodulatory peptides from food 

sources provides a promising strategy for dietary modulation of the immune response 

(56, 57). A variety of immunopeptides derived from bovine β-casein are presented in 

Table 4. They can enhance immune cell functions such as lymphocyte proliferation and 

cytokine regulation. Moreover, they have also been shown to modulate inflammatory 

and humoral responses.

1 https://www.merriam-webster.com/dictionary/immunomodulator

Table 4

Immunoregulatory peptides derived from bovine β-casein

Sequence a Start b End b Immunomodulatory effect c Reference

RELEELNVPGEIVESLSS-
SEESITRINK 16 43

Increase proliferation and IL-6 
expression of mouse CD19+ cells; 
Increases IgA, IL-5, IL-6 expression 
of mouse spleen cells; Increases 

the cytokines expression in intesti-
nal epithelial cells

(16, 58, 59) 

RELEELNVPGEIVESLSS-
SEESITR 16 40 Increase proliferation of mouse 

spleen cells (14)

SSS 32 34
Increase proliferation of B-lympho-
cytes and IgG/IgM/IgA expression 

of mouse spleen cells
(60)

INKKI 41 45 Antitumor (61)

YPFPGPI 75 81

Induces pro-inflammatory effect, 
increases humoral response, infil-
tration of leucocytes in intestinal 
villi, and the expression of TLR-2 

and TLR-4 in mice gut

(30)

YPFPG 75 79

Induces pro-inflammatory effect, 
increases humoral response, infil-
tration of leucocytes in intestinal 
villi, and the expression of TLR-2 

and TLR-4 in mice gut

(30)
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Table 4

Immunoregulatory peptides derived from bovine β-casein

Sequence a Start b End b Immunomodulatory effect c Reference

PGPIPN 78 83

Inhibits proliferation of human 
ovarian cancer cell line SKOV3 and 
the primary ovarian cancer cells in 
vitro, decreases tumor growth rate 
in xenograft ovarian cancer model 
mice in a dose-dependent manner

(62)

LYQEPVLGPVRGPFPIIV 207 224 Increases proliferation in lymph 
node and spleen cells of rat (63)

YQEPVLGPVRGPFPIIV 208 224
Enhances antimicrobial activity of 
microphases without pro-inflam-

matory effects for mice
(64)

QEPVL 209 213

Increases lymphocytes prolifera-
tion rates and cyclic AMP levels in 

vitro and in vivo (mice). Inhibits 
LPS-induced inflammation, cy-

tokines, and TNF-α in vivo.

(65)

QEPV 209 212

Increases lymphocytes prolifera-
tion rates and cyclic AMP levels in 

vitro and in vivo (mice). Inhibits 
LPS-induced inflammation, cy-

tokines, and TNF-α in vivo.

(65)

a, b See legend to Table 1.
C Key immunoregulatory effect of peptide. Abbreviations: Ig, Immunoglobulin; IL-6: Interleukin 6; TLR: Toll-
like receptor; BCL2: B-cell lymphoma 2; cAMP: cyclic adenosine monophosphate;

AC E - i n h i b i t o r y p e p t i d e s C A R D I O Sy s t e m

Hypertension is a “silent killer”, because persons with hypertension are often 

asymptomatic for years before they suffer from the hypertension-associated diseases 

such as hypertensive heart disease, stroke, obesity, and dementia (66, 67). Angio-

tensin-I-Converting Enzyme (ACE) plays a major role in blood pressure regulation 

by converting the inactive decapeptide Angiotensin-I to the potent vasoconstrictor 

octapeptide Angiotensin-II. Consequently, the blood pressure rises (68). Therefore, ACE 

inhibitors are helpful agents in the therapeutic treatment of hypertension. Synthetic 

ACE inhibitors such as captopril and enalapril are used extensively but they have various 

adverse side effects such as rash, taste disturbance, an abnormally low concentration of 

neutrophils (neutropenia) and more (69). 

A recent trend is to look for natural ACE inhibitor with milk being an adequate source for 

ACE inhibitory peptides. More than half of the bioactive peptides derived from bovine 

β-casein possess ACE-I activity (Fig 2A). After reviewing all literature on β-casein-derived 
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ACE-I peptides, only those recording an IC50 value were further examined here. Figs 

2B and 2C represent the proportion and distribution of the ACE-I peptides’ IC50 values, 

respectively. More than half (56%) of the peptides possess an IC50 less than 100 μM 

while less than 10% have an IC50 between 500-1000 μM. Fig 2D shows the location 

of each ACE-I peptide in the bovine β-casein precursor peptide. Peptide KVLILA is 

part of the signal peptide region (f(1-15). It was picked and synthesized after a virtual 

screening of an in-house database containing more than 2000 milk casein-derived 

peptides (70). Except for peptide RINKK, all other ACE-I peptides derive from β-casein 

f(61-224). Around one third of the peptides are embedded in f(61-92) while the rest is 

evenly spread over f(93-224). The most studied ACE-I tripeptides, VPP and IPP, were first 

reported by Nakamura et al. (71) in 1995. These authors used Saccharomyces cerevisiae 

and Lb. helveticus CP790 to ferment skim milk and the supernatant was used for ACE-I 

testing. Two peaks containing high ACE-I activity were further purified and, after a 

4-step HPLC purification, the two peptides were identified and their IC50 were measured 

(9 μM for VPP and 5 μM for IPP). These two active peptides are commercially available 

in Calpis sour milk (Calpis Co., Japan) and Evolus® (Valio, Finland) (72). The most potent 

peptide is MAP, which has an IC50 of 0.8 μM. It was isolated from enzyme-modified 

cheese (EMC). The EMC was prepared from Danish skim-milk cheese, which was mixed 

with Lactococcus starter culture, Protease N, Umamizyme, and Flavourzyme 500L. The 

peptide MAP was identified and showed strong ACE-I activity and antihypertensive 

activity in spontaneously hypertensive rats (SHR) after a single oral administration at a 

dose of 3 mg/kg body weight (73). 
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Figure 2 A) Pie chart showing the proportion of Angiotensin-I-Converting Enzyme inhibitory (ACE-I) 
peptides among all bovine β-casein-derived bioactive peptides. B) Doughnut chart visualizing the 
proportion of the half maximal inhibitory concentration (IC50) of all bovine β-casein-derived ACE-I 
peptides. C) Violin plot of the IC50 value distribution of all bovine β-casein-derived ACE-I peptides. D) 
Alignment all bovine β-casein-derived ACE-I peptides with bovine β-casein. Color of each peptide is 
based on its IC50 value, as indicated in the inset.
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O t h e r  f u n c t i o n a l  p e p t i d e s

In addition to the functionalities mentioned above, bovine β-casein-derived peptides 

possess various other biological activities such as antioxidative (74), prolyl endopep-

tidase-inhibitory (75), and anticoagulant effects (76). We combined the bovine 

β-casein-derived bioactive peptides from three most popular milk-derived bioactive 

peptides databases: BIOPEP (77), MBPDB (78), and EROP-Moscow (79), excluding entries 

without reference or with wrong data. For instance, peptides PGP, PHQ, FPPQS, VLP, GPV 

are recorded only on BIOPEP but not in MBPDB and EROP-Moscow, and no reference 

literature can be found for those 5 peptides, thus we omitted them from our customized 

database. As for wrong data, peptide LVYPFPGPIP was recorded in MBPDB as having 

ACE-I activity, but in the reference literature that MBPDB provides, the ACE-I activity 

is actually for LVYPFPGPIH (the last amino acid residue in the C-terminal is not P but 

H). After excluding all those entries ultimately allowed selecting 136 of 176 bioactive 

peptides; they are all listed in Table 5.

Table 5

Selection of 136 certified bioactive peptides derived from bovine β-casein

NO Sequence a Start b End b Bioactivity c Reference

1 KVLILA 2 7 ACE-I (70)

2 RELEELNVPGEIVESLSS-
SEESITRINK 16 43 Immuno-R (15, 16, 57–60, 

80–82)

3 RELEELNVPGEIVESLSS-
SEESITR 16 40 Immuno-R (12–14, 83)

4 LNVPGEIVE 21 29 ACE-I (84)

5 VPGEIVE 23 29 DPP-IV-I (32)

6 RINKK 40 44 ACE-I; Anti-M (50, 85)

7 RINK 40 43 Anti-M (50)

8 INKKI 41 45 Immuno-R; Anti-C (61, 86)

9 NKKI 42 45 Anti-M (50)

10 DELQDKIHPFAQTQSLVYP-
FPGPIPNS 58 84 ACE-I (87)

11 DKIHPF 62 67 ACE-I (84)

12 KIHPFAQTQSLVYP 63 76 ACE-I (88)

13 IHPFAQTQ 64 71 PEP-I (89)

14 IHPFAQTQSLVYP 64 76 ACE-I (88)
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Table 5

Selection of 136 certified bioactive peptides derived from bovine β-casein

NO Sequence a Start b End b Bioactivity c Reference

15 HPFAQTQSLVYP 65 76 ACE-I (88)

16 FAQTQSLVYP 67 76 ACE-I (88)

17 AQTQSLVYP 68 76 ACE-I (88)

18 QTQSLVYP 69 76 ACE-I (88)

19 TQSLVYP 70 76 ACE-I (88)

20 QSLVYP 71 76 ACE-I (88)

21 SLVYP 72 76 ACE-I (88)

22 LVYPFPGPIPNSLPQNIPP 73 91 ACE-I (90–92)

23 LVYPFPGPIPNSLPQN 73 88 ACE-I (93)

24 LVYPFPGPIPNSLPQ 73 87 PEP-I (75)

25 LVYPFPGP 73 80 ACE-I (90)

26 LVYPFP 73 78 ACE-I (94)

27 LVYP 73 76 ACE-I (88)

28 LVY 73 75 ACE-I (95)

29 VYPFPGPIP 74 82 PEP-I (89)

30 VYPFPGPI 74 81 PEP-I (89)

31 VYPFPGPIPN 74 83 ACE-I (96)

32 VYPFPGPIPNSLPQNIPP 74 91 ACE-I (91)

33 VYPFPG 74 79 ACE-I (97)

34 VYP 74 76 ACE-I (88, 97)

35 YPFPGPIP 75 82 Opioid; ACE-I (39, 40)

36 YPFPGPIPNSL 75 85 Opioid (43, 98)

37 YPFPGPI 75 81 Opioid; Satiety-Ic; Immu-
no-R; Anxiolytic; Anti-C

(19, 20, 99–102, 
21, 27–30, 34, 

35, 37)

38 YPFPG 75 79 Opioid; PNO; IM-Ic; Immu-
no-R; L&M-Ip (19, 24–26, 29, 30)

39 YPFPGP 75 80 Opioid; DPP-IV-I (19, 27, 31, 32)

40 YPFP 75 78 Opioid; Anti-C (28, 31, 103, 104)

41 YPFPGPIPN 75 83 ACE-I; DPP-IV-I; Opioid (33, 41, 42, 96)

42 YPFPGPIPNSLPQ 75 87 Opioid (33)

43 YPFPGPIPNSLPQNIPPLTQT 75 95 Opioid (33)
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Table 5

Selection of 136 certified bioactive peptides derived from bovine β-casein

NO Sequence a Start b End b Bioactivity c Reference

44 PFPGPI 76 81 Cathepsin B-I (105)

45 FPGPIPN 77 83 DPP-IV-I (42)

46 PGPIPN 78 83 Immuno-R; Anti-C (62, 106–113)

47 NSLP 83 86 ACE-I (114)

48 SLPQN 84 88 ACE-I (85)

49 LPQNIPPL 85 92 DPP-IV-I (42)

50 LPQNIPPLT 85 93 DPP-IV-I (32)

51 LPQNIPP 85 91 DPP-IV-I (42)

52 LPQNIPPLTQTPVVVP-
PFLQPEVMGVSK 85 112 ACE-I (87)

53 LPQ 85 87 DPP-IV-I (42)

54 PQNIPPL 86 92 DPP-IV-I (42)

55 NIPPLTQTPV 88 97 ACE-I (84)

56 IPPLTQT 89 95 DPP-IV-I (32)

57 IPP 89 91 ACE-I (71)

58 LTQTPVVVPPF 92 102 ACE-I (92, 115)

59 TQTPVVVPPFLQPE 93 106 Anti-O (74)

60 TPVVVPPFLQP 95 105 ACE-I (97)

61 VVVPPF 97 102 ACE-I (92)

62 VVPP 98 101 ACE-I (70)

63 VPP 99 101 ACE-I; Anti-Infla; Boneloss-R (71, 85, 124, 
116–123)

64 FLQP 102 105 ACE-I; DPP-IV-I (45, 114)

65 LQP 103 105 ACE-I (73)

66 GVSKVKEAMAPKHKEMPF-
PKYPVEPFTESQ 109 138 Opioid; MUC-Ic (125–128)

67 VKEAMAPK 113 120 Anti-O; Anti-M (52, 129)

68 EAMAPKHK 115 122 Anti-M (52)

69 EAMAPK 115 120 Anti-M (52)

70 MAP 117 119 ACE-I (73, 114)

71 HKEMPFPK 121 128 Anti-M (52, 130, 131)

72 EMPFPK 123 128 MUC-Ic; Anti-M; Anti-M; 
Brad-P (52, 126, 132, 133)
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Table 5

Selection of 136 certified bioactive peptides derived from bovine β-casein

NO Sequence a Start b End b Bioactivity c Reference

73 MPFPKYPVEP 124 133 ACE-I (134)

74 KYPVEPFTESQSLTL 128 142 ACE-I (87)

75 KYP 128 130 ACE-I (114)

76 YPVEPF 129 134 Opioid; DPP-IV-I; MUC-Ic (32, 33, 46, 126)

77 YPVEPFTE 129 136 ACE-I; Brad-P (133)

78 VEP 131 133 ACE-I (114)

79 HLPLP 140 144 ACE-I (88, 135, 136)

80 LPLP 143 146 ACE-I (88)

81 VENLHLPLPLL 145 155 ACE-I (137)

82 ENLHLPLPLL 146 155 ACE-I (137)

83 NLHLP 147 151 ACE-I (88)

84 NLHLPLPLL 147 155 ACE-I (137)

85 LHLP 148 151 ACE-I (88)

86 LHLPLPL 148 154 ACE-I (92)

87 LHLPLP 148 153 ACE-I (92)

88 LPLPLL 150 155 DPP-IV-I (32)

89 LPLPL 150 154 DPP-IV-I (32, 47)

90 LPL 150 152 DPP-IV-I (47)

91 LQSW 155 158 ACE-I (138)

92 QSWMHQPHQ 156 164 ACE-I (139)

93 HQP 163 165 ACE-I (114)

94 PLP 165 167 ACE-I (88)

95 LPP 166 168 ACE-I (114)

96 PPQSVLSLSQSKVLPVPQ 173 190 ACE-I (87)

97 SQSKVLPVPQ 181 190 ACE-I (134)

98 SKVLPVPQ 183 190 ACE-I (87)

99 KVLPVPQK 184 191 Anti-O (129)

100 KVLPVPQ 184 190 ACE-I (138)

101 KVLPVP 184 189 ACE-I (138, 140)

102 VLPVPQK 185 191 Anti-O; Anti-M (52, 129)
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Table 5

Selection of 136 certified bioactive peptides derived from bovine β-casein

NO Sequence a Start b End b Bioactivity c Reference

103 VLPVPQKAVPYPQR 185 198 Anti-M (52)

104 LPVPQ 186 190 DPP-IV-I (32)

105 LPVP 186 189 DPP-IV-I (46)

106 AVPYPQR 192 198 ACE-I; Anti-O; Anti-M (52, 129, 132, 141, 
142)

107 AVPYP 192 196 ACE-I (143)

108 AVP 192 194 ACE-I (143)

109 VPYPQ 193 197 Anti-O (144)

110 PYPQ 194 197 Anti-O (145)

111 PYP 194 196 ACE-I (143)

112 PQR 196 198 ACE-I (146)

113 RDMPIQAF 198 205 ACE-I (87)

114 DMPIQAFLLYQEPVLGPVR 199 217 Anti-Infla (147)

115 IQA 202 204 ACE-I (114)

116 AFL 204 206 ACE-I (148)

117 LLYQEPVLGPVRGPFPIIV 206 224 ACE-I (87)

118 LLY 206 208 Immuno-R (149)

119 LYQEPVLGPVRGPFPIIV 207 224 Immuno-R (63)

120 YQEPVLGPVRGPFPI 208 222 Anti-M (51)

121 YQEPVLGPVRGPFPIIV 208 224 ACE-I; Anti-M; Immuno-R (51, 64, 87, 150)

122 YQEPVLGPVR 208 217 ACE-I; Anti-O; Anti-Infla; 
Anti-Co (76, 151, 152)

123 YQEPVL 208 213 ACE-I (85, 132)

124 QEPVL 209 213 Immuno-R (65)

125 QEPV 209 212 Immuno-R (65)

126 QEPVLGPVRGPFPIIV 209 224 ACE-I (151)

127 EPVLGPVRGP 210 219 Cyto-M (153)

128 EPVLGPVRGPFP 210 221 ACE-I (134)

129 VLGP 212 215 ACE-I; DPP-IV-I (45, 114)

130 VLGPVRGPFP 212 221 ACE-I (92)

131 LGP 213 215 ACE-I (154, 155)
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Table 5

Selection of 136 certified bioactive peptides derived from bovine β-casein

NO Sequence a Start b End b Bioactivity c Reference

132 VRGPFPIIV 216 224 ACE-I (92)

133 VRGPFP 216 221 ACE-I (156)

134 GPFPIIV 218 224 ACE-I (157, 158)

135 GPFPI 218 222 Cathepsin B-I (105)

136 PFP 219 221 ACE-I (159)

a,b See legend to Table 1.
C Bioactivities of indicated peptide. Abbreviations: ACE-I, angiotensin-converting-enzyme inhibitory; Anti-M, 
antimicrobial; Anti-O, antioxidative; DPP-IV-I, dipeptidyl peptidase 4 inhibitory; Immuno-R, immunoregulato-
ry; Anti-C, anticancer; PEP-I, prolyl endopeptidase-inhibitory; Satiety-Ic, Satiety Increasement; IM-Ic, Intestinal 
Mobility Increasement; PNO, Promoting Neurite Outgrowth; L&M-Ip, Learning and Memory Improvement; 
Cathepsin B-I, Cathepsin B inhibitory; Inflam-P, Inflammation Promotion; Boneloss-R, Bone loss reduction; 
Anti-Infla, Anti-inflammatory; MUC-Ic, MUC expression increasement; Brad-P, Bradykinin-Potentiating; An-
ti-Co, Anticoagulant; Cyto-M, Cytomodulatory.

lactIc acId bacterIa: promIsIng bIoactIve peptIde producers

Lactic acid bacteria (LAB) are a group of Gram-positive, low GC-content bacteria that are 

widely used in fermented foods such as derived from milk, meat, fish and vegetables and 

are generally recognized as safe (GRAS) by the U.S. Food and Drug Administration (160, 

161). Since the first industrial use of LAB as starter culture for the production of cheese 

and sour milk in 1890s, their economic importance has gradually and steadily increased 

and, as a consequence, they have been studied comprehensively (162). Besides their 

food preservative action by the lactic acid they produce from sugars (lactose in the case 

of the dairy strains) they add texture and flavor to dairy products. LAB have also been 

used as cell factories, producing chemicals such as lactic acid or mannitol (163), and are 

considered as delivery vehicles for therapeutic treatment (164). Fermentation, however 

was and still is the dominating application for LAB. Not only do these organisms provide 

nutritional value to the fermented products, they also have great potential as production 

organisms for bioactive peptides, such as antihypertensive peptides, antimicrobial 

peptides, opioid peptides (165).

L AB p r o t e o l y t i c  s ys t e m f o r  c a s e i n d e g ra d a t i o n

Dairy LAB utilize a proteolytic system to degrade casein to obtain amino acids that are 

essential for cell growth. At the same time, the liberated amino acids and small peptides 
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contribute to the organoleptic quality of the fermented milk. The proteolytic system of 

Lactococcus lactis, the most studied of the LAB, has been extensively scrutinized (160, 

166): Casein degradation is initiated by a cell-envelope proteinase, which hydrolyses 

the extracellular protein (β-casein in this case) into oligopeptides of varying length. 

Oligopeptides are subsequently taken up by the cells via an oligopeptide transporter 

system and further degraded in the cytoplasm by a series of peptidases into shorter 

peptides and amino acids. Unused amino acids and peptides are released into the 

external environment during the growth and after the cells have autolyzed (11). Some of 

the peptides (might) possess biological activities. 

Figure 3 Schematic representation of the proteolytic system of Lc. lactis MG1363 carrying the 
cell envelope-associated proteinase/maturase genes prtP/M on a plasmid. β-casein hydrolysis 
is initiated by PrtP, after its autoproteolytic activation with the aid of PrtM (167). Subsequently, 
oligopeptides are transported into the cell by the oligopeptide permease Opp while di-/tripeptides 
are internalized by the Dpp or DtpT transport system (168). The peptides are then degraded into 
smaller peptides and free amino acids by the concerted action of 15 peptidases, which are classified 
and colored by their indicated cleavage specificity (169).
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B i o a c t i ve p e p t i d e s p r o d u ce d by L AB

Certain species of LAB are able to release bioactive peptide from food protein, 

particularly from milk caseins. The hydrolytic ability and the bioactivity obtained 

depends on the proteolytic enzymes of the strains and, of course, on the amino acid 

sequence of different type of caseins. Lb. helveticus PR4 can liberate an antimicrobial 

peptide from human β-casein that is active against a large spectrum of Gram-positive 

and Gram-negative bacteria, such as Enterococcus faecium, Bacillus megaterium, E. coli, L. 

innocua, Salmonella spp., Yersinia enterocolitica, and St. aureus (90). Antioxidative activity 

was found in Bifidobacterium bifidum MF 20/5 (isolated from Bion-3® Japan) fermented 

milk; the antioxidative peptide was identified to be VLPVPQK (94). More antioxidative 

peptides were identified in a Gouda-type cheese: using liquid chromatography, four 

peptides, all with X-Pro at their N terminal end, showed IC50 values of < 200 μM. The 

peptide LPQNIPPL showed the highest antioxidative activity (42). LAB can also liberate 

immunomodulatory peptides. Immunomodulating effect was found in Lb. helveticus 

LH-2 fermented milk. The cell-free fermented milk and its fractions were tested in vitro 

for immunomodulating activity using murine macrophages. The fraction stimulating 

the macrophages the most was further analyzed and four novel peptides were 

identified (170). Furthermore, Enterococcus faecalis CECT5727 and BCS27, Lb. delbrueckii, 

Lb. helveticus, Sa. cerevisiae, Lb. delbrueckii subsp. bulgaricus SS1, Lb. delbrueckii subsp. 

lactis, and Lc. lactis subsp. cremoris FT4 can modulate blood pressure by producing ACE-I 

peptides from milk proteins (Table 5) (72, 84). 

Casein-derived bioactive peptides can be liberated by LAB proteolysis; they may also 

be further degraded into smaller, non-functional peptides or free amino acids if the 

fermentation process continues. Thus, a proper balance is required between the initial 

proteolysis liberating certain bioactive peptides and their further degradation. On the 

other hand, initially liberated non-bioactive peptides may become functional upon 

subsequent peptidolytic activity. To liberate a desired bioactive peptide, a certain 

combination of peptidolytic activities must be overexpressed, inhibited, or removed. 

To be able to do this, in-depth knowledge of the proteinase and intracellular peptidase 

activities and genes is needed. In fact, such knowhow has been obtained in the extensively 

studied LAB Lc. lactis (see above). Based on this knowledge, directed engineering of LAB 

proteolytic system would be the next step. Various genome engineering tools for LAB 

has been developed over the past decades (171): Regulated (over)expression of genes 

in Lc. lactis can be achieved using the NIsin-Controlled Expression (NICE) system, which 



Chapter 1

26

is the most widely used inducible gene expression system in Lc. lactis. The NICE system 

is based on the quorum sensor two-component system composed by NisR and NisK. 

The system responds to the presence of the inducer nisin, an antimicrobial peptide 

produced by certain strains of Lc. lactis (172). Gene knockout can be accomplished in 

Lc. lactis by the double crossover method using the non/replicative pORI integration 

vector (173) or plasmid pCS1966 (174). Besides these traditional methods, novel genome 

engineering technologies have also been established in LAB, such as the bacterio-

phage-derived recombinase enzymes for single-stranded DNA recombineering in Lb. 

reuteri and Lc. lactis (175), and the clustered regularly interspaced short palindromic 

repeats (CRISPR)-CRISPR-associated system (Cas) CRISPR/Cas-based method, which 

probably the most powerful and popular gene editing tool in the past decade, especially 

for eukaryotic organisms for which other (targeted) approaches are lacking (176).

lab engIneerIng usIng crIspr/cas

CRISPR/Cas is an RNA-mediated adaptive immune system found in bacteria and 

archaea. It protects host cells from invasive genetic elements such as bacteriophages 

and plasmids (177). In-depth knowledge of the mechanism of action of various of these 

systems has allowed creating valuable tools for gene editing, both in prokaryotic and 

in (higher) eukaryotic organisms. The type-II CRISPR/Cas engineering system uses Cas9 

from Streptococcus pyogenes. Cas9 is an endonuclease that is guided by a single-guide 

RNA (sgRNA) that specifically hybridizes to its homologous target sequence in DNA 

and induces a double-strand DNA break (DSB). The binding specificity is determined 

by the sgRNA-DNA base pairing and the protospacer adjacent motif (PAM) sequence 

(in S. pyogenes this is NGG) (178). Using an engineered nuclease-deficient Cas9, i.e. 

dCas9, enables repurposing of the system: dCas9 still forms a complex with the sgRNA 

and binds to its specific DNA target, but instead of making a DSB, it works as a “road 

block” preventing access or passage of other DNA binding proteins. Positioned at the 

proper position on DNA, it could lead to gene silencing (CRISPRi) by preventing access 

of RNA polymerase to its promoter (occluding transcription initiation) or by precluding 

transcript elongation (179) (Fig 4). 

The CRISPR/Cas9 system has been applied in various bacterial genera, such as Bacillus, 

Escherichia, Clostridium, and Streptococcus (180–183). As for LAB, Cas9-induced DSB was 

applied in an CRISPR/Cas9-assisted ssDNA recombineering system in Lb. reuteri (184). 
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Berlec et al. constructed an inducible dual-promoter plasmid in Lc. lactis. Based on 

the NICE system (see above), this plasmid contains the dCas9 and sgRNA genes under 

the nisin-inducible promoter PnisA. It was successfully employed for transcriptional 

repression of a target gene, htrA (185). Lc. lactis genome editing mainly relies on the 

RecA-dependent homologous double-crossover events using non-replicative or 

conditionally replicative plasmids (174, 186). The protocols for gene knockout or gene 

insertion are generally performed in two steps (vector integration and subsequent 

co-integrate resolution) and usually consume 3 weeks to generate one mutant. The 

marker-free strain obtained can then be used in a next round such that multiple genes 

can be mutated in the same strain. A drawback is the extended time required to obtain 

a multiple mutant strain. 

Understanding and utilizing the powerful CRISPR/Cas based tool to engineer the 

proteolytic system of Lc. lactis could in principle save both time and labor. Deploying 

CRISPR/dCas9 (instead of CRISPR/Cas9) is more suitable for Lc. lactis because it cannot 

repair double-strand breaks in DNA due to the lack of a non-homologous end joining 

(NHEJ) pathway. Although knocking down multiple genes by CRISPR/dCas9 can be fast, 

the extent to which the gene(s) have been silenced cannot be a priori ensured. Thus, 

clean multiple knockouts should also be processed in parallel, in order to obtain stable 

strains and to evaluate and compare the efficiency and effectiveness of both methods.

Figure 4 Gene editing (knockout) versus gene inactivation (knockdown) using S. pyogenes Cas9 
and dCas9 (adapted from Qi et al. (179)). A) The S. pyogenes Cas9 enzyme binds to single-guide 
RNA (sgRNA) molecule and forms a protein-RNA complex. The complex is targeted to specific DNA 
sequences by direct pairing of the sgRNA with the target DNA. These interactions result in the 
cleavage of the double-strand target DNA. B) The S. pyogenes dCas9 protein contains mutations in 
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its RuvC1 (D10A) and HNH (H841A) domains, which inactivate its nuclease function (179). dCas9 is 
still able to form a complex with the sgRNA and bind to its specific DNA target. When dCas9-sgRNA 
complex binds downstream of the transcription start site (TSS), it can block transcription elongation 
by blocking RNA polymerase and transcript elongation. 1 

thesIs outlIne

This thesis focuses on Lc. lactis proteolytic system engineering and its application in 

milk-derived bioactive peptide discovery. In Chapter 1, we give a comprehensive review 

of functionalities of bovine β-casein-derived bioactive peptides, the ability that LAB have 

in producing bioactive peptides during the fermentation process, and the possibility of 

deploying CRISPR/Cas-based technology in LAB genome engineering. In Chapter 2, we 

designed and prepared a gene knockout plasmid library for 16 intracellular peptidases 

and constructed a variety of single- and multiple-peptidase knockout mutants. The two 

major goals were: A) to knockout as many peptidase genes as possible; B) to knockout 

peptidases from the same specificity group, i.e., all endopeptidases, aminopeptidases, 

di-/tripeptidases, or all proline-specific peptidases. Ultimately, we obtained two 

peptidase-mutants in which 7 peptidase genes were removed and 4 mutants in which all 

genes of one of the above-mentioned groups of peptidases were deleted, respectively. 

We then developed an analytical pipeline for large-scale intracellular peptidomics of Lc. 

lactis. The six multiple-peptidase mutants that we obtained were examined using this 

pipeline, and a strain-dependent accumulation of bioactive peptides was observed. This 

work suggests that both the number of different bioactive peptides and the bioactivity 

diversity can be increased by genetically editing the proteolytic system of Lc. lactis. 

On the way of constructing the di-/tripeptidase mutant, an interesting observation 

was made: the dipeptidase mutant MGΔpepV does not grow overnight in SMGG 

growth medium . In Chapter 3, we explored the reason behind this phenomenon. 

The proteolytic system plays a vital role in Lc. lactis nitrogen metabolism with the 

dipeptidase PepV functioning in the last stages of proteolysis. A link between nitrogen 

metabolism and peptidoglycan (PG) biosynthesis was underlined by the phenotype (cell 

lysis and shape defects when grew in SMGG overnight) of MGΔpepV. This phenotype 

was shown to be caused by a shortage of alanine because adding alanine can rescue 

the growth and restore the defects in cell shape. Moreover, strain MGΔpepV is more 

resistant to vancomycin, an antibiotic targeting PG D-Ala–D-Ala ends, which confirmed 

that MGΔpepV has an abnormal PG composition. A mutant of MGΔpepV was obtained 

1 The schematic figure was created with BioRender.com under Academic License.
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in which growth inhibition and cell shape defects were alleviated. The strain was shown 

by genome sequencing to have a single point mutation, in the gene for the master 

regulator CodY, relative to its parent. Transcriptome sequencing (RNA-seq) was used to 

unravel the connections between PepV activity, CodY regulation, and PG synthesis in Lc. 

lactis.

As mentioned above, we constructed the several multi-peptidase knockout mutants. We 

used the traditional homologous double-crossover recombination method, which is quite 

labor intense and time consuming. If multiple peptidases can be knocked out or knocked 

down in a shorter time frame then more combinations of abrogated peptidase activities 

could be tested and further examined by the peptidomics pipeline we developed. 

Thus, in Chapter 4, we built both a chromosome-based and a plasmid-based CRISPR 

interference platform, useful for future applications in Lc. lactis genome engineering. We 

used the NICE system to drive the expression of dCas9 and the constitutive lactococcal 

protomer Pusp45 to control the production of several sgRNAs. Both in-fusion cloning 

and golden gate assembly methods can be used for fast replacement of the 20-base 

pair sgRNA targeting sequence in the vector. We designed sgRNA against genes which 

are involved in Lc. Lactis cell autolysis (acmA), cell division (ftsZ), or cell wall elongation 

(pbp2b). We observed all corresponding phenotypes (long chains that are also seen in 

deletion mutants of acmA/ftsZ, and spherical shapes for the pbp2b targeted cells). In 

Chapter 5, we deployed the CRISPRi system to help study the function of the enigmatic 

Usp45, the major secreted protein of Lc. lactis. The usp45 gene cannot be deleted via 

double crossover recombination as the gene is, apparently, essential. We used CRISPRi to 

gradually knockdown usp45. By examining the effect of knockdown and overexpression 

of usp45 on Lc. lactis growth, phenotype and cell division we demonstrated that Lc. lactis 

Usp45 is crucial for proper cell division. The protein mediates cell separation probably by 

acting as a peptidoglycan hydrolase. 

Chapter 6 summarizes and discusses the most important findings and future perspectives 

of the work described in this thesis.
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abstract

Large-scale mass spectrometry-based peptidomics for bioactive peptide discovery is 

relatively unexplored because of challenges in intracellular peptide extraction and small 

peptide identification. Here we present an analytical pipeline for large-scale intracellular 

peptidomics of Lactococcus lactis. It entails an optimized sample preparation protocol 

for L. lactis, used as an “enzyme complex” to digest β-casein, an extraction method for its 

intracellular peptidome, and a peptidomics data analysis and visualization procedure. In 

addition, we proofread the publicly available bioactive peptide databases and obtained 

an optimized database of bioactive peptides derivable from bovine β-casein. We used 

the pipeline to examine cultures of L. lactis MG1363 and a set of 6 isogenic multiple 

peptidase mutants incubated with β-casein. We observed a clearly strain-dependent 

accumulation of peptides with several bioactivities, such as ACE inhibitory, DPP-IV 

inhibitory, immunoregulatory functions. The results suggest that both the number of 

different bioactive peptides and the bioactivity diversity can be increased by editing the 

proteolytic system of L. lactis. This comprehensive pipeline offers a model for bioactive 

peptide discovery in combination with other proteins and might be applicable to other 

bacteria.

Importance

Lactic acid bacteria (LAB) are very important for the production of safe and healthy 

human and animal fermented foods and feed and, increasingly more, in the functional 

food industry. The intracellular peptidomes of LAB are promising reservoirs of bioactive 

peptides. We show here that targeted genetic engineering of the peptide degradation 

pathway allows steering the composition of the peptide pool of the LAB Lactococcus 

lactis and producing peptides with interesting bioactivities. Our work could be used 

as a guideline for modifying proteolytic systems in other LAB to further explore their 

potential as cell peptide factories.
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IntroductIon

Members of the diverse group of lactic acid bacteria (LAB) have been associated with 

food fermentations since ancient times. LAB were used as starter cultures for dairy 

production more than 100 years ago, which has given them their current industrial 

and economic importance (1). However, the value of those fermented products, 

such as yogurt or cheese, has remained restricted to providing basic nutrition, flavor, 

and texture. The potential of LAB as production organisms for functional foods is 

still largely unexplored. Lactococcus lactis, for instance, depends on the milk protein 

casein as the major source of nitrogen, since it is auxotrophic for several amino acids. 

Casein degradation is accomplished in a three-step process. First, the extracellular cell 

envelope-associated proteinase (PrtP) degrades casein into oligopeptides. Second, (a 

selection of) these peptides are internalized via an oligopeptide transport system (Opp). 

In the third and last step, multiple peptidases hydrolyze the oligopeptides into smaller 

peptides and, ultimately, into amino acids that are then available for de novo protein 

synthesis and other metabolic activities (2).

Functional food for health promotion or disease risk reduction has attracted the interest 

of food industries worldwide, with dairy products as one of the most popular categories. 

Milk proteins encode bioactive-peptide sequences, which can be released by hydrolysis 

(3). These short peptides can display a spectrum of biological functions, such as 

angiotensin-converting enzyme (ACE)-inhibitory, dipeptidyl peptidase 4-inhibitory 

(DPP-IV-I), immunoregulatory, antioxidant, antimicrobial, and opioid activities. Bioactive 

peptides from milk proteins can be obtained via the action of microbial or nonmicrobial 

enzymes. Milk fermentation processes executed by LAB are preferable ways to release 

these peptides because of the food grade safety status of these organisms. Moreover, 

proteolytic systems of LAB, especially that of L. lactis, have been comprehensively 

studied with respect to the genes and enzymes involved and their regulation (4, 5). 

A great deal of research has focused on the production of milk-derived bioactive 

peptides using LAB. Two major ways of bioactive-peptide discovery can be discerned. 

First, casein proteins are either digested by a purified digestive enzyme (trypsin) or LAB 

proteinase(s), after which the obtained products are identified (6–8). Second, an LAB 

cell culture is mixed with milk proteins, and the supernatant is subsequently further 

characterized (9–11). These studies have identified numerous casein-derived bioactive
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peptides, most of which having ACE-inhibitory activity. From an application point of 

view, the costs of employing purified enzymes are too high for industrial-scale use. On 

the other hand, only utilizing the culture supernatant of proteolytically active cells does 

not exploit the full potential of the LAB, as in that case only the proteinase specificity 

is being utilized while the activities of the more-than-10 intracellular peptidases and 

possible hidden intracellular bioactive peptides are being ignored.

Our understanding of the intracellular peptide pool in LAB during growth in a milk 

medium and the possible presence of bioactive variants is limited to nearly absent due 

to the technical obstacles of preparing and separating the complex samples and the 

subsequent identification of the small peptides (12). Recent rapid developments in the 

technology of nanoscale liquid chromatography coupled to tandem mass spectrometry 

(nanoLC-MS/MS) and in algorithms for peptide identification have resulted in a dramatic 

increase in research in proteomics and its subfield peptidomics (13, 14).

In this study, we engineered the proteolytic system of the L. lactis model strain MG1363 

and describe a robust and comprehensive analytical framework of cell-casein incubation 

conditions, intracellular peptidome extraction, data analysis and visualization, and, 

ultimately, identification of casein-derived bioactive peptides produced by L. lactis 

MG1363 and six of its isogenic peptidase mutants. As proof of concept, this work offers a 

pipeline for the analysis and visualization of the intracellular peptidome of bacteria and 

explores the possibility of applying L. lactis (or other bacteria) as a cell factory to produce 

bioactive peptides.

results

E n g i n e e ri n g o f  a n L .  l a c t i s  p r o t e o l y t i c  s ys t e m

The aim of this study was to build an analytical framework for the analysis of the 

intracellular peptidome of L. lactis and to discover (putative) bioactive peptides obtained 

upon degradation of β-casein by the organism. To kick-start β-casein degradation by 

the L. lactis model strain MG1363, an extracellular cell wall-anchored proteinase, PrtP 

(caseinase), is needed. The parent strain of L. lactis MG1363, L. lactis NCDO712, carries the 

55-kb PrtP proteinase and lactose plasmid pLP712. This plasmid is too large to easily be 

reintroduced in MG1363 and its peptidase knockout derivatives, while it also contains 

one of the oligopeptidase genes, pepF1 (15). Therefore, a new plasmid that encodes the 

proteinase PrtP and its maturase PrtM (16) from pLP712 was constructed and named 
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pCH020. L. lactis MG1363 possesses 15 intracellular peptidases that together degrade the 

PrtP-liberated casein-derived oligopeptides that are internalized by the oligopeptide 

permease Opp. The peptidase complement will ultimately result in the decomposition of 

the oligopeptides into shorter peptides and free amino acids. Undigested oligopeptides 

and peptidasedigested shorter versions of these peptides might possess bioactivities.

Figure 1 Peptidomics and bioactive-peptide discovery in L. lactis. (A) Schematic representation 
of the mutated proteolytic system of L. lactis MG1363 with the cell envelope-associated proteinase 
(PrtP). β-Casein hydrolysis is initiated by PrtP after its autoproteolytic activation with the aid of PrtM 
(16). Subsequently, the oligopeptides are transported into the cells by the Opp transport system, 
while di-/tripeptides are internalized by the Dpp or DtpT transport system. The peptides are then 
degraded by the concerted action of 15 peptidases, which are classified and colored by their indicated 
cleavage specificity. When a specific combination of peptidase genes is deleted, certain peptides will 
stay intact. Theoretically, small (bioactive) peptides, instead of free amino acids, will accumulate intra-
cellularly. (B) General sketch of the peptidase gene knockout vector. The integration vector is based on 
plasmid pCS1966 (17). It contains an erythromycin resistance gene (ery), an orotate transporter gene 
(oroP), and a knockout cassette carrying two homology regions, one containing the region upstream 
of the gene to be deleted (HRU) and the other encompassing a region downstream thereof (HRD), for 
double crossover integration at a certain peptidase gene locus.

By removing different (groups of) peptidases, more and a greater variety of intracellular 

peptides should accumulate, increasing the chance of discovering (novel) bioactive 

peptides (Fig. 1A). A total of 37 single and multiple isogenic peptidase mutants 

were constructed from L. lactis MG1363 (Table 1) by employing 16 peptidase gene 

replacement vectors based on the replication-deficient plasmid pCS1966 (17) (Fig. 1B). 
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Several multipeptidase deletion mutants were designed based on peptidase functional 

groups. Thus, four mutants were obtained in which all endopeptidases (MGΔpepOF2O2), 

all aminopeptidases except PepM (MGΔpepANCpcp; see below), all proline-specific 

peptidases (MGΔpepXPQ) or the di-/tripeptidases (MGΔpepVDATDB) had been removed. 

In addition, in a strategy to delete as many peptidase genes as possible, half of them 

were deleted in strains MGΔpepNXOTCF2O2 and MGΔpepNXOTCVDA. Note that pepM is an 

essential gene in MG1363 and is thus present in all peptidase mutants.

Each peptidase mutant that was examined with respect to its peptidome carried the 

plasmid pCH020. The strains carrying pCH020 were labeled PrtP , e.g., MG1363(PrtP ) 

(Table 1), but in the presentation of the results below, the addition PrtP  is omitted for 

reasons of simplicity.

O p t i m i z a t i o n o f  t h e i nt ra ce l l u l a r  p e p t i d o m i c s  wo rk f l ow

In order to obtain high-quality LC-MS data and convincing peptide identification 

results, three aspects were considered: the quality of in vivo β-casein degradation, L. 

lactis intracellular peptidome extraction, and the peptide identification algorithm. To 

optimize sample preparation for LC-MS-based intracellular peptidomics, each step of 

the workflow was considered (Fig. 2). Our previous time series transcriptome sequencing 

(RNA-seq) results (18) revealed that the proteolytic system of L. lactis MG1363 is relatively 

highly active during the log phase of growth, and thus we chose to harvest cells in 

the mid-log phase (optical density at 600 nm [OD600] ≈ 1) to start the in vivo β-casein 

degradation.

Preliminary experiments employing different β-casein concentrations (1, 2, or 4 mg/ml) 

and incubation times (0.5, 1, 2, or 4 h or overnight) were tested, and ultimately 4 mg/ml 

β-casein and 3.5 h of incubation time were chosen to achieve a proper balance between 

sample quality and time management (data not shown). Since Gram-positive bacteria 

such as L. lactis have a thick cell wall, obtaining the intracellular peptidome requires cell 

disruption using mechanical forces (19). Ultrasonication and the minibeadbeater were 

tested, with both setups yielding similar results. However, when performing nanoLC-MS 

on the samples, it was observed that the sonicator probe introduced an overwhelming 

polyethylene glycol (PEG) contamination in the peptide fraction between 150 and 600 

Da. This problem did not occur using glass beads and the mini-beadbeater to break the 

cells (data not shown). Since the focus is to identify bioactive peptides, the intracellular 

proteome was enriched for small peptides by using the flowthrough obtained after 
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Figure 2 L. lactis intracellular peptidomic sample preparation and data analysis optimization. 
(A) Sample preparation workflow (for details, see Materials and Methods). Cells from exponentially 
growing L. lactis MG1363 and its peptidase knockout mutants were incubated under slow rotation 
(180 rpm) in a -casein solution (4 mg/ml) for 3.5 h, after which they were disrupted by mini-beadbeat-
ing. The intracellular proteome was extracted and passed through a 3-kDa-molecular-weight-cutoff 
filter. The filtrate, which is the intracellular peptidome, was desalted using C18 Zip-tips and analyzed 
by nanoLC-MS/MS. (B) Computational data analysis. Mass spectrum data [MS(.raw)] output and the 
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proteome of the sequence of L. lactis MG1363 plus -casein (both obtained from UniProt) were used as 
inputs for PEAKS studio analysis. The output from PEAKS was further visualized through R programming 
and the peptidomics visualization web server Peptigram. (C) Comparison of 9 commonly used search 
engines on the L. lactis MG1363 peptidome. The bar chart shows the number of unique peptides 
identified by each search engine. The number (white) is the mean value from biological triplicates. 
Standard deviation is shown for each bar. (D) Map of the presence/absence of unique peptides from 
panel C, identified by the indicated 6 search engines on the biological replicates (roman numerals).

centrifuging the proteome sample over a 3-kDa-cutoff filter prior to analysis by 

nanoLC-MS/MS (see Materials and Methods). All peptidome samples obtained in this way 

were analyzed in biological triplicates. Excluding the β-casein in vivo degradation time, 

this optimized sample preparation protocol for rapid intracellular peptide extraction, 

from the breaking open of the cells to the filtering through the 3-kDa-cutoff filter, can be 

performed within 1 h.

After obtaining the peptidome raw data, in order to find the most suitable search 

algorithm for our data set, we tested 9 commonly used search engines for peptide 

identification. The PEAKS search engine (20) was used in combination with the commercial 

proteomics platform PEAKS studio, while for the other 8, SearchGUI, an opensource 

interface configuring and running proteomics searches (21), was employed. All search 

engines were tested under the same setting using the raw data from MG1363 triplicates 

(see details in Materials and Methods). As Fig. 2C shows, 5 out of 8 search engines in 

SearchGUI gave approximately the same level of unique peptide identifications: Tide 

(22) and Comet (23) identified more peptides (both 400) than X! Tandem (24), MyriMatch 

(25), and MS-GF  (26) (all three 300), while MS Amanda (27), OMSSA (28), and Andromeda 

(29) did not work properly for our data sets. Despite the fact that the MS-GF  identification 

output is lower (354), it has good reproducibility since the triplicates examined with 

MS-GF  are clustered in the heat map shown in Fig. 2D. PEAKS identified significantly 

more unique peptides (947) than the other search engines and was also reproducible 

(Fig. 2D). Thus, we chose PEAKS as the search engine in this work. The identified peptides 

and proteins were further analyzed and visualized with R and the web tool Peptigram 

(30).

Pe p t i d a s e d e l e t i o n r e s u l t s  i n  d i f f e r e nt  i nt ra ce l l u l a r 
p e p t i d o m e s .

Figures 3 and 4 give a more detailed account of the results obtained for the 7 strains 

tested, ranging from their peptidomics profiles to gene ontology analyses. Figure 3A 
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shows the numbers of identified peptide spectrum matches (PSMs), of unique peptides, 

and of unique proteins in the various intracellular peptidomes. From this figure it is clear 

that the deletion of all endopeptidase genes significantly increases the intracellular 

peptide pool. For strain MGΔpepOF2O2, 3,200 PSMs were detected, while 2,600 PSMs 

were obtained from the sample of the parent strain MG1363. When in the strain lacking 

all endopeptidase activity, peptidases from other functional groups, namely, the 

aminopeptidases N and C, the proline-specific peptidase PepX, and the tripeptidase PepT 

were removed (MGΔpepNXOTCF2O2), the number of PSMs almost doubled compared to 

that in MG1363 (5,100 versus 2,600) (Fig. 3A). Also, a higher number of PSMs (2,900) was 

detected in strain MGΔpepNXOTCVDA than in MG1363, but it was much lower than in 

MGΔpepNXOTCF2O2. As these two multipeptidase mutant strains have 5 peptidase gene 

deletions in common, it is highly likely that deletion of the endopeptidases PepF2 and 

PepO2 is responsible for most of the increase in PSMs. Slightly more PSMs were detected 

in the multiaminopeptidase mutant strain MGΔpepANCpcp than in MG1363. All these 

observations show that by eliminating (multiple) general peptidases, the intracellular 

peptide pool will increase in both quantity and diversity. When peptidases with similar 

specificities are removed, such as in strain MGΔpepXPQ, lacking several proline-specific 

peptidases, or in a strain deficient for peptidases playing important roles in the last 

stages of peptide degradation (the di-/tripeptidase mutant MGΔpepVDATDB), a dramatic 

decrease in the number of unique identified peptides is seen relative to that in strain 

MG1363. Strain MGΔpepVDATDB produced less than half the PSMs of MG1363, which 

might be due to the fact that deletion of pepV affects cell wall synthesis, which ultimately 

disturbs other biological processes such as nitrogen metabolism (31).

Hierarchical clustering of the identified peptides in the triplicate samples of each strain 

was performed to assess the robustness of the developed methodology. The results 

presented in Fig. 3B show that the biological replicates of each strain delivered data of 

good quality and reproducibility. The proteins identified in each mutant were compared 

with those of MG1363 on the basis of their functional grouping (Fig. 3C). Approximately 

two-thirds of the proteins identified in the peptidome of L. lactis MG1363 can be detected 

in each of the peptidase mutants. Notably, MGΔpepNXOTCF2O2 and MGΔpepNXOTCVDA 

are the top two strains with respect to the number of unique proteins (168 and 97, 

respectively). Gene ontology (GO) enrichment analyses were performed in order to 

investigate the functional profiles of the identified proteins from each strain and to 

evaluate the effects of peptidase deletions on the peptidomes of the respective pep 
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mutants. The cellular function grouping of the identified proteins of MG1363 and its six 

isogenic pep mutants is shown in Fig. 4. For well-characterized proteins, the top three 

Figure 3 Overview of mass spectrum results from PEAKS studio of intracellular peptidomes of L. 
lactis MG1363 and 6 of its peptidase mutants. (A) Peptide spectrum match (PSM)-identified unique 
peptides and proteins identified in the peptidomes of the indicated strains. The bar charts show the 
mean value, the exact value of which is shown in the bar, and standard deviation from biological 
triplicates of each strain. (B) Map of the presence/absence of identified unique peptides from panel 
A. (C) Venn diagram of identified unique proteins from panel A (http://bioinformatics.psb.ugent.be/
webtools/Venn/).
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significantly enriched categories in all strains are translation (J), cell cycle control (D), and 

replication (J). Around one-quarter to one-third of the proteins are poorly characterized 

(R and S). Figure S1 in the supplemental material shows the details of the overlap in the 

peptidomes of all 7 strains examined. From that together with Fig. 3, it can be seen that 

although many more unique proteins were identified in strain MGΔpepNXOTCF2O2, the 

total number of biological function groups did not increase.

Figure 4 Ontology analysis of unique proteins identified in the intracellular peptidomes of L. 
lactis MG1363 and the 6 indicated isogenic pep mutants. Correlation of each protein (outer circle 
on the left side of each graph) and Clusters of Orthologous Groups (COG) category is represented by 
lines. Abbreviations of COGs are listed in the inset. The figure was generated by R package Circlize (50).
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(E n d o) p e p t i d a s e m u t a nt s  a cc u m u l a t e β - c a s e i n p e p t i d e s t h a t 
d i f f e r  i n  p hys i co c h e m i c a l  p r o p e r t i e s

After having analyzed the intracellular peptidome profiles for the presence of peptides 

derived from proteins expressed by those strains, we proceeded by examining the 

β-casein-derived peptides therein. These peptides and their relative intensities were 

visualized using the web tool Peptigram. In L. lactis strain MG1363, upon digestion of 

β-casein by the extracellular proteinase PrtP and uptake of oligopeptides by the Opp 

system, peptides were retrieved that cover the majority of the β-casein sequence 

(Fig. 5A). Several regions in β-casein that are not represented or retrieved in the 

intracellular peptide pool are shown as gaps. The first 2 gaps represent the fragment 

from residue 1 to 15 (f1-15) and f30-40 of β-casein, which are observed in all mutants. 

The first gap, f1-15, is the signal peptide which exists in the β-casein precursor (UniProt 

P02666) which contains 224 amino acids, while the β-casein (catalog number C6905; 

Sigma) we used contains 209 amino acid residues (f16-224). The other 7 gaps seen in 

the MG1363-derived peptide pattern are covered by the peptidome of one or more of 

the other mutants. It is clear that all pep mutants produce different β-casein peptide 

profiles. In the intracellular peptidome of the strain lacking all endopeptidase activity, 

MGΔpepNXOTCF2O2, the highest relative intensity (dark green area in Fig. 5A) is seen 

around β-casein f180-200. This strain is also the most promising mutant with respect 

to possessing (more) β-casein-derived putative bioactive peptides, since the identified 

peptides from its intracellular peptidome cover almost all parts of the β-casein molecule 

and at the same time have quite high intensities (Fig. 5A). It has to be noted that in 

mass spectrometry, peptide intensity relies on peptide ionization capacity in addition 

to peptide abundance, and therefore, the observed intensities cannot directly be 

translated to peptide concentrations. However, for the same region of β-casein, e.g., 

f180-200, the peptide intensity obtained with MGΔpepNXOTCF2O2 is dramatically higher 

than that obtained with the other strains. This implies that in the cytoplasm of this strain, 

many more peptides from this region are present than in the cytoplasm of the other 

strains. Peptides identified in MGΔpepOF2O2, MGΔpepNXOTCVDA, and MGΔpepANCpcp 

also cover more of the β-casein molecule than seen in MG1363, which means that those 

pep mutants possess some β-casein-derived peptides that do not exist in the wild-type 

strain. Strains MGΔpepVDATDB and MGΔpepXPQ produce significantly fewer PSMs and 

peptides (Fig. 3A), and clearly, their peptidomes also contain fewer β-caseinderived 

peptides.
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We then examined the physicochemical properties of the peptidomes of the various 

strains. For the β-casein-derived peptides, those obtained with MG1363 and its pep 

mutants have very different distributions in each physicochemical property. As expected, 

compared to the wild type, the two endopeptidase mutants (MGΔpepNXOTCF2O2 

Figure 5 Intracellular profile and physicochemical properties of peptides derived from β-casein 
after its initial hydrolysis by extracellular PrtP in L. lactis MG1363 and its pep mutants. (A) 
Intracellular peptides assigned to -casein by the PEAKS X studio software in the peptidomes of the 
indicated strains. The visualization tool Peptigram (30) was used to generate the figure. The linear 
sequence of bovine β-casein (224 amino acid residues, including the signal sequence f1-15) is shown 
at the top. Each vertical green bar represents an amino acid residue in β-casein, with the height 
denoting the count and the color intensity corresponding to the sum of peptides overlapping at this 
position. (B) Violin plots with mean values (black dots) showing the physicochemical properties of the 
intracellular peptides assigned to β-casein in the peptidomes of L. lactis MG1363 and its peptidase 
mutants. The inset shows the strain identity; strains are shown in the same order in each panel.
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and MGΔpepOF2O2) contained more longer β-casein-derived peptides, while shorter 

peptides are present in the exopeptidase mutants (Fig. 5B, length). In agreement with 

its genetic makeup, the mutant in which proline-specific peptidase genes have been 

deleted, strain MGΔpepXPQ, produces many more proline-containing peptides than all 

other strains (Fig. 5B, proline).

O p t i m i z a t i o n o f  β - c a s e i n - d e ri ve d b i o a c t i ve - p e p t i d e d a t a b a s e s

L. lactis proteinase PrtP is a β-casein-specific caseinase. To allow identification of bioactive 

peptides in our peptidome data set, a comprehensive review of β-casein-derived 

bioactive peptides in commonly used bioactive-peptide databases was performed. 

The most popular of those databases for milk-derived proteins are BIOPEP, MBPDB, and 

EROP-Moscow. There are pros and cons for each of these databases. BIOPEP (32) has more 

peptide entries but does not give proper literature references for each entry. Although 

EROP-Moscow (33) does have literature references, these have not been updated in 

recent years. Also, the query page of EROP-Moscow does not support multiple sequence 

searches. MBPDB (34) performs best in both searching and literature updating, but it 

does not cover all peptides from the other two databases. For example, β-casein f(75-81) 

YPFPGPI is present and labeled in all 3 database as having opioid activity. BIOPEP does 

not provide a reference, while EROPMoscow and MBPDB do. However, EROP-Moscow 

provides only the first research paper revealing the opioid activity (35), while there are 3 

subsequent papers also proving the opioid activity of this peptide. In addition, 4 other 

bioactivities have been reported for this peptide over the past 2 decades in MBPDB: 

increased satiety (36), anxiety reducing (37), anticancer (38), and ACE inhibitory (6).

We combined and curated these three databases by proofreading the data for each 

β-casein-derived bioactive peptide, excluding those for which (i) no reference was 

provided, (ii) a reference was given but the activity was hypothetical or predicted only 

(39), (iii) data were delivered but there is a discrepancy between the sequence from 

reference literature and the database (40), and (iv) only a bitter taste was recorded (41). 

Thus, we obtained 176 unique bioactive peptides, of which, after excluding those falling 

under definitions i to iv, 136 bioactive peptides remained (Fig. 4A). They were grouped 

by their bioactivities, and it is clear that more than half of the bioactive peptides 

have ACE-inhibitory activity (82/136 bioactive peptides). The second large activity 

group contains around 20 peptides with immunomodulatory or dipeptidyl peptiase 

IV-inhibitory (DPP-IV-I) activity. The third, much smaller, group includes peptides with 
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antimicrobial, opioid, antioxidation, or prolyl-endopeptidase inhibitory activities. Note 

that 18 of the 136 peptides possess multiple bioactivities (Fig. 6B)

Figure 6 Optimization of a β-casein bioactive-peptide database. (A) Optimization strategy. BP, 
bioactive peptide. (B) UpSetR plot (52) highlighting the intersection of peptides with bioactivities, 
as indicated by the circles. Horizontal bars (set size) indicate the number of bioactive peptides for 
each bioactivity. The vertical bars (intersection size) show the number of peptides with a certain 
bioactivity activity. A peptide can have more than 1 bioactivity, as indicated by the connected circles. 
For example, the set size of PEP-I is 4, of which 3 peptides have only PEP-I activity while 1 peptide 
has both PEP-I and ACE-I activity. PEP-I, prolyl endopeptidase inhibitory; AntiO, antioxidation; AntiM, 
antimicrobial; DPP-IV-I, dipeptidyl peptidase IV inhibitory; Immuno, immunomodulatory; ACE-I, angi-
otensin-converting enzyme inhibitory.

L .  l a c t i s  p e p t i d a s e m u t a nt s  p r o d u ce m o r e b i o a c t i ve p e p t i d e s 
t h a n t h e w i l d t y p e s t ra i n

Table 2 summarizes the bioactive peptides identified through nanoLCMS/MS in the 

intracellular peptidomes of each strain by comparing the identified β-casein-derived 

peptides to our curated bioactive-peptide database. As expected on the basis of 

the results presented above, MGΔpepNXOTCF2O2 is the most promising strain, as 18 

bioactive peptides could be identified in its intracellular peptidome. Most of the 

peptides have ACE-inhibitory activity (11/18), while other bioactivities are also found, 

such as DPP-IV-inhibitory, antioxidative, antimicrobial, and immunoregulatory activities. 

Strains MGΔpepNXOTCVDA and MGΔpepANCpcp are second with respect to the number 

of bioactive peptides that are obtained with these strains. Most of the β-casein-derived 

peptides identified in both strains have the same sequence (7/9). All β-casein-derived 

bioactive peptides identified in the peptidome of MGΔpepNXOTCVDA are also present 
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in that of MGΔpepNXOTCF2O2. As for MGΔpepANCpcp, except for AVPYPQR, the other 

8 bioactive peptides are also observed in MGΔpepNXOTCF2O2. The β-casein-derived 

peptidome of MGΔpepOF2O2 contains 6 bioactive peptides; except for peptide 

VPVEPFTE, the other 5 peptides are also present in the samples of MGΔpepOF2O2. No 

bioactive peptides were observed when using MGΔpepVDATDB to degrade β-casein, 

and only 2 were found when employing strain MGΔpepXPQ. As explained above, these 

might be caused by the disruption of other biological processes, such as peptidoglycan 

biosynthesis, when deleting the dipeptidase PepV (31).

Table 2

Bovine β-casein-derived bioactive peptides identified in the intracellular peptidome of L. lactis 

MG1363 and its peptidase knockout mutants.

Strain and peptide 

sequence

β-casein fragment 

(start-end)

Theoretical 

mass (Da)

Mass error 

(ppm)a

Reported 

bioactivityb
Reference(s)

MG1363

YPFPGPIPN 75-83 1000.5018 0.9 / 3.4 / 
-1.8

ACE-I; DPP-
IV-I 56-58

LPQNIPP 85-91 777.4385 3.3 / 4.9 / 3.6 DPP-IV-I 57

LPQNIPPL 85-92 890.5225 3.1 / - / -0.5 DPP-IV-I 57

TQTPVVVPPFLQPE 93-106 1550.8344 3.6 / 6.8 / - Anti-O 59

MGΔpepOF2O2

YPFPGPIPN 75-83 1000.5018 3.3 / 2.8 / 0 ACE-I; DPP-
IV-I 56-58

HKEMPFPK 121-128 1012.5164 0.3 / -2 / -1.3 Anti-M 60

YPVEPFTE 129-136 980.4491 9.7 / 8 / 4.3 ACE-I 61

SQSKVLPVPQ 181-190 1081.6132 6.7 / 6.9 / 5.4 ACE-I 9

RDMPIQAF 198-205 976.4800 - / 6.1 / 5 ACE-I 40

QEPVLGPVRGPFPIIV 209-224 1716.9926 4.8 / 6.1 / 2.5 ACE-I 62

MGΔpepNXOTCF2O2

LNVPGEIVE 21-29 968.5178 2.5 / 3.8 / 2.5 ACE-I 10

VYPFPGPIPN 74-83 1099.5702 1.3 / 2 / 3.2 ACE-I; 
Anti-O 63

LVYPFPGPIPNSLPQ 73-87 1637.8817 3.6 / 3.8 / - ACE-I; PEP-I 64

LPQNIPPL 85-92 890.5225 2.8 / 1.5 / 4 DPP-IV-I 57

PQNIPPL 86-92 777.4385 2.9 / 2 / 2.2 DPP-IV-I 57

NIPPLTQTPV 88-97 1078.6023 4.2 / 4.6 / 4/6 ACE-I 10

TQTPVVVPPFLQPE 93-106 1550.8344 2.5 / 2.5 / 2.5 Anti-O 59
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Table 2

Bovine β-casein-derived bioactive peptides identified in the intracellular peptidome of L. lactis 

MG1363 and its peptidase knockout mutants.

Strain and peptide 

sequence

β-casein fragment 

(start-end)

Theoretical 

mass (Da)

Mass error 

(ppm)a

Reported 

bioactivityb
Reference(s)

VKEAMAPK 113-120 872.4789 -2.9 / -4.1 / 
-1.6

Anti-O; 
Anti-M 65

HKEMPFPK 121-128 1012.5164 5.2 / 2.9 / 4.1 Anti-M 60

LHLPLPL 148-154 801.5112 2.8 / 5.5 / 6.1 ACE-I 11

NLHLPLPLL 147-155 1028.6382 1.9 / 3.8 / 3.9 ACE-I 66

SQSKVLPVPQ 181-190 1081.6132 3.8 / 5.1 / 4.5 ACE-I 9

KVLPVPQK 184-191 907.5854 5.1 / 4.5 / 7 Anti-O 65

KVLPVPQ 184-190 779.4905 3.6 / 1.8 / 9.1 ACE-I 67

VLPVPQK 185-191 779.4905 4.7 / 6.9 / 7.6 Anti-M; 
Anti-O 65

RDMPIQAF 198-205 976.4800 4.7 / 3.8 / 4.9 ACE-I 40

YQEPVLGPVRGPFPIIV 208-224 1880.0559 4.3 / 4.3 / -
ACE-I; 

Anti-M; 
Immuno-R

58-70

QEPVLGPVRGPFPIIV 209-224 1716.9926 2.6 / 2.7 /2.2 ACE-I 62

MGΔpepXPQ

YPFPGPIPN 85-83 1000.5018 -0.6 / -1.4 / 
-0.3

ACE-I; DPP-
IV-I 56-58

LPQNIPPL 85-92 890.5225 1.5 / 2.8 / - DPP-IV-I 57

MGΔpepVDATDB

-

MGΔpepNXOTCVDA

LNVPGEIVE 21-29 968.5178 - / 1.9 / 2 ACE-I 10

VYPFPGPIPN 74-83 1099.5702 - / 2.5 / 3.4 ACE-I; 
Anti-O 63

LPQNIPPL 85-92 890.5225 - / 3.9 / 4.9 DPP-IV-I 57

PQNIPPL 86-92 777.4385 - / 1.7 / 4.1 DPP-IV-I 57

NIPPLTQTPV 88-97 1078.6023 - / 3.9 / 5.5 ACE-I 10

TQTPVVVPPFLQPE 93-106 1550.8344 - / 3.6 / 4.7 Anti-O 59

LHLPLPL 148-154 801.5112 - / 5.8 / 3.5 ACE-I 11

SQSKVLPVPQ 181-190 1081.6132 - / 4.5 / 4.3 ACE-I 9

KVLPVPQ 184-190 779.4905 1.4 / 0.8 / 2.9 ACE-I 67

MGΔpepANCpcp
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Table 2

Bovine β-casein-derived bioactive peptides identified in the intracellular peptidome of L. lactis 

MG1363 and its peptidase knockout mutants.

Strain and peptide 

sequence

β-casein fragment 

(start-end)

Theoretical 

mass (Da)

Mass error 

(ppm)a

Reported 

bioactivityb
Reference(s)

LNVPGEIVE 21-29 968.5178 2.9 / 6.4 / 4.2 ACE-I 10

VYPFPGPIPN 74-83 1099.5702 5.4 / 5.5 / 4.8 ACE-I; 
Anti-O 63

NIPPLTQTPV 88-97 1078.6023 4.7 / 8 / 10 ACE-I 10

TQTPVVVPPFLQPE 93-106 1550.8344 6.2 / 8.2 / 6.7 Anti-O 59

HKEMPFPK 121-128 1012.5164 0.1 / 1.2 / 
-0.1 Anti-M 60

LHLPLPL 148-154 801.5112 5.2 / 9.4 / 6.7 ACE-I 11

SQSKVLPVPQ 181-190 1081.6132 4.7 / 4.9 / 6.5 ACE-I 9

KVLPVPQ 184-190 779.4905 4.1 / 1.8 / 3.9 ACE-I 67

AVPYPQR 192-198 829.4446 2.9 / 1.4 / - ACE-I; An-
ti-M; Anti-O 60, 65, 70

a The mass error is calculated as 106 (observed mass  theoretical mass)/theoretical mass. The three numbers 
in the mass error column represent the biological triplicates; a dash (—) signifies that the peptide was not 
detected in one of the triplicates.
b ACE-I, angiotensin-converting enzyme inhibitory; anti-M, antimicrobial; anti-O, antioxidative; DPP-IV-I, 
dipeptidyl peptidase 4 inhibitory; immuno-R, immunoregulatory.

dIscussIon

In this study, we present an analytical framework consisting of peptidome extraction 

followed by tandem mass spectrometric identification and bioinformatic analysis 

to untangle the intracellular peptidome of L. lactis and to assess the potential of this 

organism as a cell factory for the production of bioactive peptides. The developed 

protocol is reproducible and can be performed in less than 2 h from peptidome 

extraction to mass spectrometric analysis.

The quality of peptide identification relies on a suitable searching algorithm. PEAKS 

studio identified more peptides in our data sets than all the other search engines from 

SearchGUI (Fig. 2C), while it is also user-friendly because of its well-designed interface. 

However, when this commercial tool is not accessible because of its price, SearchGUI 

could be a good alternative because it includes the mainstream open-source search 

engines. MS-GF  and Andromeda are the top algorithms in the proteomics/peptidomics 

field. MS-GF  delivered relatively good and reproducible identification results. However, 
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unlike PEAKS, it does not provide the relative intensities of identified peptides, 

precluding a visualization of β-casein digestion profiles as presented in Fig. 5A. Thus, 

for data analysis consistency, we did not combine the results from PEAKS and MS-GF . 

Andromeda, the search engine of MaxQuant, is designed for large mass spectrometric 

data sets but is geared mostly toward human proteomes/peptidomes and is unsuitable 

for our bacterial peptidomics data. Here, we focused on identifying bioactive peptides, 

which normally contain 2 to 20 amino acid residues (42). Note that the oligopeptide 

transport system (Opp) of L. lactis possesses the capacity to transport peptides from 4 up 

to at least 18 residues (43). We therefore set the mass spectrometry detection window to 

170 to 2,000 Da, which generally covers peptides containing 2 to 18 amino acid residues, 

considering that the average molecular weight of an amino acid is 110 Da. The gap 

regions in the β-casein peptide profile of each strain (Fig. 5A) might be due to the fact 

that some peptides have more than 18 amino acids residues and are thus beyond our 

detection window.

Figure 7 β-casein-derived peptides identified in the intracellular peptidomes of MGΔpepOF2O2 
(peptide sequences in red) and MG1363 (peptide sequences in black).

The fact that the β-casein-derived bioactive peptides identified in the intracellular 

peptidome of each strain treated under the same conditions differs demonstrates 

the potential of these pep mutants. The β-casein-derived peptides obtained with the 

wild-type strain MG1363 cover the whole protein (Fig. 5A), with bioactive peptides 

originating only from β-casein f(70-110) (Table 2). Novel peptides are found when 

employing the pep mutant strains, which shows the potential of β-casein as a bioacti 

epeptide source in combination with L. lactis serving as an enzyme complex. The L. 

lactis peptidases have been classified in different groups on the basis of their cleavage 

specificity. For example, enzymes in the endopeptidase group will cleave internally in an 

oligopeptide, and knocking them all out should result in the accumulation of relatively 

longer peptides. Take peptide TQTPVVVPPFLQPEVM in Fig. 7 as an example. It might 
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be that in MG1363, peptide TQTPVVVPPFLQPEVM was internalized and hydrolyzed 

into TQTPVVVPPFLQPE/VM, TQTPVVVPPF/LQPEVM, and TQTPVVVPP/FLQPEVM. The 

longer N-terminal parts in each case were detected, while the C-terminal parts were 

not. This may be due to the detection limit of the LC/MS equipment (VM) or because 

the C-terminal peptides were degraded further by other intracellular peptidases 

(LQPEVM or FLQPEVM). In mutant MGΔpepOF2O2, lacking the three endopeptidases, TQT 

PVVVPPFLQPEVM would not be degraded, leading to its accumulation (Fig. 7). In fact, 

the three peptides TQTPVVVPPFLQPEVM, TPVVVPPFLQPEVM, and PVVVPPFLQPEVM 

were detected only in the mutants MGΔpepOF2O2 and MGΔpepNXOTCF2O2, which both 

lack all endopeptidases. In some other mutants, smaller derivative peptides identical to 

those in MG1363 can be observed; i.e., TQTPVVVPP and PVVVPPF were also identified in 

strains MGΔpepNXOTCVDA and MGΔpepANCpcp, respectively, while TPVVVPP was also 

identified in strain MGΔpepXPQ. These observations indicate that one or more of the 

endopeptidases prefers cutting C-terminal glutamic acid, phenylalanine, and proline 

residues, which coincides with a previous study showing that PepF can (likes to) cut 

C-terminal proline and phenylalanine (44).

On the one hand, this presence/absence of certain (groups of) peptidases might liberate 

interesting bioactivities from the β-casein molecule, and on the other hand, it might 

release enough free amino acids so that L. lactis growth and functioning are not severely 

affected. When a group of specialty peptidases is removed, a problem might arise if 

they not only are responsible for β-casein digestion but also are important in another 

metabolic pathway(s), disrupting certain essential processes. A clear example is the role 

that PepV plays in peptidoglycan synthesis (31).

Fermentation is an easy and cost-effective method to generate bioactive peptides in 

fermented milk products. This study presents a comprehensive analysis of the L. lactis 

intracellular peptidome after in vivo β-casein degradation. The work suggests that the 

number of different bioactive peptides and the bioactivity diversity can be increased by 

editing the proteolytic system of this LAB starter strain. L. lactis MGΔpepNXOTCF2O2 has 

the best performance in producing peptides with high intensities among peptides that 

have a variety of bioactivities. It might thus potentially be useful as a bioactive-peptide 

cell factory. The fact that the peptides are intracellular should make them less sensitive 

to, for instance, digestive enzymes. Our work could also be used as a guideline for 

modifying proteolytic systems in other LAB and for further analyzing and visualizing 
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the intracellular proteome/peptidome data to explore their potential as peptide cell 

factories.

materIals and methods

B a c t e ri a l  s t ra i n s  a n d c u l t u r e co n d i t i o n s

The bacterial strains used in this study are listed in Table 1. Lactococcus lactis MG1363 and 

its derivatives were cultivated in M17 medium (catalog number DF1856-17-4; BD Difco, 

Detroit, MI, USA) containing 0.5% (wt/vol) glucose (GM17) at 30°C. Erythromycin (catalog 

number E6376; Sigma-Aldrich, Santa Clara, CA, USA) was added at a final concentration 

of 5 μg/ml when required. Chemically defined SA medium with 0.5% (wt/vol) glucose 

and 20 μg/ml 5-fluoroorotic acid (5-FOA) (catalog number F5013; Sigma-Aldrich, Santa 

Clara, CA, USA) as a sole pyrimidine source was used for the generation of chromosomal 

knockouts, as described previously (17). Escherichia coli DH5  was used for cloning 

purposes; it was cultivated aerobically at 37°C in LB medium (catalog number LMM01; 

Formedium, Norfolk, UK) with erythromycin at a final concentration of 200 μg/ml when 

required.

Table 1

Strains used in this study

Strain Species Description Short name Abr Reference

MG1363 L. lactis Plasmid free derivative of 
NCDO712 MG1363 (Gasson, 1983)

CH000 L. lactis MG1363 with plasmid 
pCH020 MG1363(PrtP+) Ery this study

IM14 L. lactis MG1363ΔpepNXOTC MGΔpepNXOTC (Mierau et al., 
1996)

CH001 L. lactis MG1363ΔpepF2 MGΔpepF2 this study

CH002 L. lactis MG1363ΔpepO2 MGΔpepO2 this study

CH003 L. lactis MG1363ΔpepA MGΔpepA this study

CH004 L. lactis MG1363ΔpepP MGΔpepP this study

CH005 L. lactis MG1363ΔpepV MGΔpepV this study

CH007 L. lactis MG1363Δpcp MGΔpcp this study

CH008 L. lactis MG1363ΔpepQ MGΔpepQ this study

CH009 L. lactis MG1363ΔpepDA MGΔΔpepDA this study
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Table 1

Strains used in this study

Strain Species Description Short name Abr Reference

CH010 L. lactis MG1363 (pLP712ΔpepF1) MGΔpepF1 this study

CH011 L. lactis MG1363ΔpepO MGΔpepO this study

CH012 L. lactis MG1363ΔpepC MGΔpepC this study

CH013 L. lactis MG1363ΔpepN MGΔpepN this study

CH014 L. lactis MG1363ΔpepX MGΔpepX this study

CH015 L. lactis MG1363ΔpepT MGΔpepT this study

CH016 L. lactis MG1363ΔpepDB MGΔpepDB this study

CH017 L. lactis MG1363ΔpepOF2 MGΔpepOF2 this study

CH018 L. lactis MG1363ΔpepOF2O2 MGΔpepOF2O2 this study

CH019 L. lactis MG1363ΔpepVDA MGΔpepVDA this study

CH020 L. lactis MG1363ΔpepVDAT MGΔpepVDAT this study

CH021 L. lactis MG1363ΔpepVDATDB MGΔpepVDATDB this study

CH022 L. lactis MG1363ΔpepAN MGΔpepAN this study

CH023 L. lactis MG1363ΔpepANC MGΔpepANC this study

CH024 L. lactis MG1363ΔpepANCpcp MGΔpepANCpcp this study

CH025 L. lactis MG1363ΔpepXP MGΔpepXP this study

CH026 L. lactis MG1363ΔpepXPQ MGΔpepXPQ this study

CH027 L. lactis MG1363ΔpepNXOTCF2 MGΔpepNXOTCF2 this study

CH028 L. lactis MG1363ΔpepNXOTCF2O2 MGΔpepNXOTCF2O2 this study

CH029 L. lactis MG1363ΔpepNXOTCV MGΔpepNXOTCV this study

CH030 L. lactis MG1363ΔpepNXOTCVDA MGΔpepNXOTCVDA this study

CH031 L. lactis CH020 with plasmid 
pCH018

MGΔpepOF2O2 
(PrtP+) Ery this study

CH032 L. lactis CH021 with plasmid 
pCH020

MGΔpepVDATDB 
(PrtP+) Ery this study

CH033 L. lactis CH024 with plasmid 
pCH020

MGΔpepANCpcp 
(PrtP+) Ery this study

CH034 L. lactis CH026 with plasmid 
pCH020 MGΔpepXPQ (PrtP+) Ery this study

CH035 L. lactis CH028 with plasmid 
pCH020

MGΔpepNXOTCF2O2 
(PrtP+) Ery this study

CH036 L. lactis CH030 with plasmid 
pCH020

MGΔpepNXOTCVDA 
(PrtP+) Ery this study

Abr=Antibiotic resistance. Ery = erythromycin
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R e co m b i n a nt  D NA t e c h n i q u e s a n d o l i g o n u c l e o t i d e s

Standard molecular cloning techniques were performed essentially as described 

previously (45). Chromosomal DNA from L. lactis was isolated using the GenElute 

bacterial genomic DNA kit (catalog number NA2110-1KT; Sigma-Aldrich, Santa Clara, 

CA, USA). Plasmids and PCR products were isolated and purified using the NucleoSpin 

Plasmid EasyPure kit (catalog number MN 740727.250; Macherey-Nagel, Leiden, 

The Netherlands) and the NucleoSpin Gel & PCR Clean-up kit (catalog number MN 

740609.250; Macherey-Nagel, Leiden, The Netherlands), respectively, according to the 

manufacturer’s instructions. PCRs for cloning purpose were performed with Phusion 

high-fidelity DNA polymerase (catalog number F530L; Thermo Fisher Scientific, MA, USA) 

according to the manufacturer’s protocol. Enzymes were purchased from Fermentas 

(Thermo Fisher Scientific, MA, USA) and New England Biolabs (Ipswich, MA, USA). Colony 

PCRs were performed with homemade Pfu polymerase. Inserts and linearized vector 

were fused using the Quick-Fusion cloning kit (catalog number B22612; BioConnect) 

according to the manufacturer with the modification that half of the recommended 

volume per reaction was used. Oligonucleotides employed in this study are listed in 

Table S1 in the supplemental material and were purchased from Biolegio BV (Nijmegen, 

The Netherlands). Competent E. coli cells were transformed using heat shock (46), while 

electrocompetent L. lactis cells were transformed using electroporation (47) with a 

Bio-Rad Gene Pulser (Bio-Rad Laboratories, CA, USA). All nucleotide sequencing was 

performed at Macrogen Europe (Amsterdam, The Netherlands).

Co n s t r u c t i o n o f  i nt e g ra t i o n p l a s m i d s f o r  k n o c k i n g o u t 
p e p t i d a s e g e n e s f r o m L .  l a c t i s  M G1363

All plasmids that were used or constructed during this study are listed in Table 3. 

Relevant regions of all plasmids were sequenced to confirm their nucleotide sequences. 

All integration plasmids were constructed using the same workflow that is described 

here for only one, pCH001, as an example, as follows. Linearized vector pCS1966 was 

amplified using primers pCS1966_1FW/pCS1966_1RV. Primer pairs pCH-0017/pCH-0018 

and pCH-0019/pCH-0020 were used, respectively, to obtain upstream (UP_F2) and 

downstream (DOWN_F2) regions of peptidase gene pepF2. Primer pair pCH-0017/

pCH0020 was used to perform an overlap PCR to obtain the flanking region UP DOWN_

F2. Primers pCH-0017 and pCH-0020 contain 15 nucleotides at one end, overlapping 

with the sequence on the 5'-end of the linearized vector, followed by the flanking region 

of pepF2 gene and 15 nucleotides overlapping with the sequence on the 3'-end of the 
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linearized vector. The fragment UP DOWN_F2 was fused with the linearized vector using 

Quick-Fusion, after which the reaction mixture was directly used to transform competent 

E. coli DH5 . The resulting vector was designated pCH001. Primers pCH-0083/0099/0100 

were used for colony PCR and nucleotide sequencing confirmation.

Co n s t r u c t i o n o f  L .  l a c t i s  (m u l t i) p e p t i d a s e k n o c ko u t m u t a nt s

All peptidase gene knockout strains were made using the same workflow that is 

Table 3

Plasmids used in this study

Plasmid Host Description Abr Reference

pCS1966 E. coli L. lactis integration vector Ery (Solem et al., 2008)

pTLR E. coli L. lactis expression shuttle vector Ery Lab collection

pLP712 L. lactis prt+ lac+, 54kb proteinase/lactose plasmid of 
NCDO712 (Gasson, 1983)

pCS1966 E. coli L. lactis integration vector Ery this study

pCH001 E. coli L. lactis integration vector, knockout pepF2 Ery this study

pCH002 E. coli L. lactis integration vector, knockout pepO2 Ery this study

pCH003 E. coli L. lactis integration vector, knockout pepA Ery this study

pCH004 E. coli L. lactis integration vector, knockout pepP Ery this study

pCH005 E. coli L. lactis integration vector, knockout pepV Ery this study

pCH006 E. coli L. lactis integration vector, knockout pepM Ery this study

pCH007 E. coli L. lactis integration vector, knockout pcp Ery this study

pCH008 E. coli L. lactis integration vector, knockout pepQ Ery this study

pCH009 E. coli L. lactis integration vector, knockout pepDA Ery this study

pCH010 E. coli L. lactis integration vector, knockout pepF1 in 
pLP712 Ery this study

pCH011 E. coli L. lactis integration vector, knockout pepO Ery this study

pCH012 E. coli L. lactis integration vector, knockout pepC Ery this study

pCH013 E. coli L. lactis integration vector, knockout pepN Ery this study

pCH014 E. coli L. lactis integration vector, knockout pepX Ery this study

pCH015 E. coli L. lactis integration vector, knockout pepT Ery this study

pCH016 E. coli L. lactis integration vector, knockout pepDB Ery this study

pCH020 E. coli & 
L. lactis

pTLR-prtPM, for expression of protease PrtP and 
PrtM under its own promoter Ery this study

Abr=Antibiotic resistance. Ery = erythromycin
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described here only for the construction of the multiple endopeptidase mutant strain 

CH018 as an example, as follows. Integration plasmid pCH011, a pepO knockout plasmid, 

was introduced in MG1363 via electroporation. Knockout mutants were obtained by 

a two-step homologous recombination strategy (17), First, plasmid chromosomal 

integrates were selected on erythromycin-containing GM17 plates. Subsequently, the 

marker-free knockout strain was obtained through counterselection on 5-FOA on SA 

medium plates. The resulting strain, CH011 (MGΔpepO), underwent the same 2-step 

recombination protocol using pCH001 to obtain the peptidase double mutant strain 

CH017 (MGΔpepOF2). Strain CH018 (MGΔpepOF2O2) was obtained using the strategy with 

plasmid pCH002 on strain CH017. All relevant chromosomal regions of each deletion 

strain were confirmed by nucleotide sequencing.

Co n s t r u c t i o n o f  p l a s m i d p C H 020 f o r  e x p r e s s i n g p r o t e i n a s e Pr t P 
i n  L .  l a c t i s  M G1363. 

The flanking regions of the prtPM genes from plasmid pLP712 (15) were amplified 

together using primers pCH-0173/pCH-0174. The fragment was ligated into plasmid 

pTLR employing NcoI/XhoI restriction sites. The resulting plasmid was named pCH020.

β - C a s e i n d e g ra d a t i o n i n  v i vo

In vivo β-casein breakdown was examined using the method of Kunji et al. (48) with the 

following modifications: an overnight culture was diluted to a starting optical density 

at 600 nm (OD600) of 0.05 in 50 ml of GM17 with 5 μg/ml erythromycin, when required. 

The culture was grown at 30 °C and when the OD600 reached 0.7, which corresponds to 

the early exponential growth phase, the cells were collected by centrifugation at 6000 

g for 5 min. They were washed twice with wash buffer (100 mM MES-KOH (pH6.5) with 

2mM CaCl2) to prevent autoproteolysis and release of the proteinase PrtP. Cells were 

then concentrated to an OD600 of 14 and resuspended in 2 ml of 4 mg/ml β-casein (Cat 

# C6905, Sigma-Aldrich, Santa Clara, CA, USA) in wash buffer with 0.5% (w/v) glucose. 

The suspension was incubated for 3 h at 30 °C with slow rotation (10 rpm) in a rotator 

incubator oven (Cat # G2545A, Agilent Technologies, Inc., CA, USA). Cells were then spun 

down at 12000 g for 3 min after which both the supernatant and the cells were saved at 

-80 °C until further use.

Cy t o p l a s m i c  p e p t i d o m e e x t ra c t  p r e p a ra t i o n

Frozen cells incubated with β-casein were thawed and resuspended in 2 ml 1 M LiCl in 

50 mM Tris (pH 8.0) to extract proteins in the surface layer or anchored to the cell wall 
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through non-covalent interactions (49). After incubation at 4 °C for 1 h, the cells were 

spun down at 4000 g for 10 min.  The supernatant, named LiCl extract and saved at -80 

°C. The cells were washed twice with MiliQ water (Milipore, MA, USA), and subsequently 

disrupted in a Mini-Beadbeater (Cat # 112011EUR, BioSpec, OK, USA) using 3 cycles of 1 

min ON, 1 min OFF. Disrupted cells were spun down at 11000 xg at 4 °C for 10 min. The 

supernatant was collected and filtered through a 0.2 μm pore-size filter (Cat # 41055511, 

Boom BV, Meppel, the Netherlands), and then ultrafiltrated through Amicon 3-KDa 

molecular weight cut-off membranes (Cat # UFC500324, Millipore , MA, USA). The pool 

of peptides less than 3-KDa was collected and saved at -80 °C until further use.

n a n o LC- M S/M S 

All samples were analyzed at the Interfaculty Mass Spectrometry Center, University 

of Groningen, on a nanoLC-MS/MS consisting of an Ultimate 3000 LC system (Dionex, 

Amsterdam, the Netherlands) interfaced with a Q-Exactive plus mass spectrometer 

(Thermo Fisher Scientific, MA, USA). Peptide mixtures were loaded onto a 5 mm × 300 

μm i.d. C18 PepMAP100 trapping column (Thermo Fisher Scientific, MA, USA) with 

2% acetonitrile in 0.1% formic acid at 20 μL/min. After loading and washing for 3 min, 

peptides were eluted onto a 15 cm × 75 μm i.d. C18 PepMAP100 nanocolumn (Dionex, 

Amsterdam, the Netherlands). A mobile phase gradient at a flow rate of 300 nL/min and 

with a total run time of  75 min was used: 2% − 50% of solvent B in 60 min; 50% − 90% 

B in 1 min; 90% B during 13 min, and back to 2% B in 1 min (held for 15 min). Solvent 

A was 100:0 water/acetonitrile (v/v) with 0.1% formic acid, and solvent B was 0:100 

water/acetonitrile (v/v) with 0.1% formic acid. In the nanospray source a stainless-steel 

emitter (Thermo Fisher Scientific, MA, USA) was used at a spray voltage of 1.8 kV with no 

sheath or auxiliary gas flow. The ion transfer tube temperature was 275 °C. Spectra were 

acquired in data-dependent mode with a survey scan at m/z 300 − 1650 at a resolution 

of 70 000 followed by MS/MS fragmentation of the top 10 precursor ions. Singly charged 

ions were excluded from MS/MS experiments and fragmented precursor ions were 

dynamically excluded for 20 s. PEAKS Studio version X software (Bioinformatics Solutions, 

Inc., Waterloo, Canada) was used to search the MS data against a protein sequence 

database of the L. lactis MG1363 proteome (UniProt database) to which the sequence 

of β-casein (Uniprot P02666) was added. Search parameters: no enzyme specificity; 

fixed modification: carbamidomethylation of cysteine; variable modifications: oxidation 

of methionine and phosphorylation of serine; precursor mass tolerance of 15 ppm; 

fragment mass tolerance of 0.02 Da. The false discovery rate was set at 0.1%.
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D a t a a n a l ys i s  a n d v i s u a l i z a t i o n 

The peptide spectrum matches (PSM), identified peptides, and identified protein number 

were obtained from PEAKS. The identified peptides were exported for further analysis in 

R by using Pheatmap R package. Venn diagrams were made using the webtool Calculate 

and Draw Custom Venn Diagrams (http://bioinformatics.psb.ugent.be/webtools/Venn/). 

Gene ontology analysis was performed using Gene Set Enrichment Analysis (GSEA) 

provided by the GENOME2D software available at http://gseapro.molgenrug.nl/. Circos 

plots were made using the Circlize R package (Gu et al., 2014). For further peptidomic 

analysis, peptide sequences of biological triplicate were combined, and only unique 

peptides present at least twice among triplicates were used. Thus, 7 datasets of all 21 

samples were generated. The further data analysis mentioned below was performed 

on these combined datasets. Profiles of β-casein-derived peptides in the L. lactis 

intracellular peptidome were visualized by the web-based tool Peptigram (Manguy 

et al., 2016). Data of the parameter relative intensity were generated from the average 

intensity of the replicates of each chosen peptide. Peptide physicochemical properties 

were computed using the aminoAcidProperties function of the R package “alakazam”, 

version 0.2.8 (Gupta et al., 2015). The proportion of proline in each peptide was manually 

calculated. The Upset plot of our optimized bioactive peptide database was generated 

using the Upset R package (Conway et al., 2017).
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supplmental materIals

Figure S1 UpSetR plot (32) highlighting the intersection of identified proteins from each strain, 
as indicated by the bullet points. Horizontal bars (Set size) indicate the number of identified proteins 
for each strain. The vertical bars (Intersection size) show the number of proteins from certain strain(s). 
A protein can be detected in more than 1 strain, as indicated by the connected bullet points. 

Table S1

Oligonucleotides used in this study

Short Name Long Name Sequence (5’ - 3‘)

pCS1966_1FW pCS1966_1FW GTGCCTAATGAGTGAGCTAACTC

pCS1966_1RV pCS1966_1RV GTGGAATTGTGAGCGGATAAC

pCH-0017 17-F2_Up_FW CGCTCACAATTCCACCTAAAGAGCTGCAATTTATGGT

pCH-0018 18-F2_Up_RV AAAGCCAGTTGCATATTGAACTTCTCTAATTCTGTTTCC

pCH-0019 19-F2_Down_FW GGAAACAGAATTAGAGAAGTTCAATATGCAACTGGCTTT

pCH-0020 20-F2_Down_RV TCACTCATTAGGCACTTCCAAAGCTCGTTGATTTCT

pCH-0021 21-O2_UP_FW CGCTCACAATTCCACGTCACGACCGAGTATCTTCTTG

pCH-0022 22-O2_UP_RV GGACCAGCTTCAGTTTCAATGTTGTCAGCTGGAATTTGTG C

pCH-0023 23-O2_DOWN_FW GCACAAATTCCAGCTGACAACATTGAAACTGAAGCTGGTC C

pCH-0024 24-O2_DOWN_RV TCACTCATTAGGCACGGCTGAAATTACCGAAAATACAA

pCH-0025 25-A_UP_FW CGCTCACAATTCCACCCGACGTTTGTGTTATATGTT

pCH-0026 26-A_UP_RV ATGGCTATGGATATAGCGTTCTGGTTGATAGCCTAGC

pCH-0027 27-A_DOWN_FW GCTAGGCTATCAACCAGAACGCTATATCCATAGCCAT

pCH-0028 28-A_DOWN_RV TCACTCATTAGGCACGAACCTTGGTATATCGTTGAT
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Table S1

Oligonucleotides used in this study

Short Name Long Name Sequence (5’ - 3‘)

pCH-0029 29-P_UP_FW CGCTCACAATTCCACCTGACCGACCATAATATTTTGAC

pCH-0030 30-P_UP_RV CATCTTCAACTGTACCCGCTGTTCCAGAA

pCH-0031 31-P_DOWN_FW GTACAGTTGAAGATGACTTATTAGTGACAG

pCH-0032 32-P_DOWN_RV TCACTCATTAGGCACCTGACGAAGTCTTAAAACTTCA

pCH-0033 33-V_UP_FW CGCTCACAATTCCACCGAGAAATAGACTTAGCGTT

pCH-0034 34-V_UP_RV TCGCTTGGTTGTATAACCATCACGTTCG

pCH-0035 35-V_DOWN_FW TATACAACCAAGCGAATGAAATGAAACCT

pCH-0036 36-V_DOWN_RV TCACTCATTAGGCACTTAGTCACCAGATGATTTCGT

pCH-0037 37-M_UP_FW CGCTCACAATTCCACCAAGAGGTCTCTTATGCTTGA

pCH-0038 38-M_UP_RV ATGGTTAAGACCATTCCTATCACGAAGACCAATATG

pCH-0039 39-M_DOWN_FW CATATTGGTCTTCGTGATAGGAATGGTCTTAACCAT

pCH-0040 40-M_DOWN_RV TCACTCATTAGGCACTGTTCCAGGCATCGTATATC

pCH-0041 41-pcp_UP_FW CGCTCACAATTCCACCTTAGAAGCCAATTACTCTGTT

pCH-0042 42-pcp_UP_RV GTTTCGATATCGCCTTTGGCTTCAATCGCAGGATTA

pCH-0043 43-pcp_DOWN_FW TAATCCTGCGATTGAAGCCAAAGGCGATATCGAAAC

pCH-0044 44-pcp_DOWN_RV TCACTCATTAGGCACATTTCACCATTACAATCAAAGG

pCH-0045 45-Q_UP_FW CGCTCACAATTCCACCATTTCCATTCACAACGCGAC

pCH-0046 46-Q_UP_RV GGCAATCCTCAATACGAACGCACCAAATTGTGCTTTCAAA

pCH-0047 47-Q_DOWN_FW GGTTTGAAAGCACAATTTGGTGCGTTCGTATTGAGGATTGCC

pCH-0048 48-Q_DOWN_RV TCACTCATTAGGCACCAAGTGGCCAAAGAAAGCTC

pCH-0049 49-DA_UP_FW CGCTCACAATTCCACCCACCGAGTCTACTTGATATT

pCH-0050 50-DA_UP_RV AACTGCTTCAAGGGATTGTGCAATTAGAGTGCTACC

pCH-0051 51-DA_DOWN_FW GGTAGCACTCTAATTGCACAATCCCTTGAAGCAGTT

pCH-0052 52-DA_DOWN_RV TCACTCATTAGGCACAAGATCAGTTAGAAAAAATGCTG

pCH-0053 53-F1_UP_FW CGCTCACAATTCCACACGGGTTAATGAACAATAAATG

pCH-0054 54-F1_UP_RV TCAACTCGCTGAATCAAGTAAATGACCA

pCH-0055 55-F1_DOWN_FW GATTCAGCGAGTTGATATGGAATCTACCGA

pCH-0056 56-F1_DOWN_RV TCACTCATTAGGCACAAGTACTGACACGTGCATAC

pCH-0057 57-O_UP_FW CGCTCACAATTCCACACTTAGGGCACTATGATGCTA

pCH-0058 58-O_UP_RV TTGGCACTCTGCAGGAATTTCTGCATT

pCH-0059 59-O_DOWN_FW CCTGCAGAGTGCCAATATTCCTCCAACA
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Table S1

Oligonucleotides used in this study

Short Name Long Name Sequence (5’ - 3‘)

pCH-0060 60-O_DOWN_RV TCACTCATTAGGCACTGAAGTGATCCAACATGCTT

pCH-0061 61-C_UP_FW CGCTCACAATTCCACTGGATAATCGGGGACTACAAT

pCH-0062 62-C_UP_RV GCAACGACACTTCGAGTGATGAAAGCA

pCH-0063 63-C_DOWN_FW TCGAAGTGTCGTTGCTTCTGATGAATGG

pCH-0064 64-C_DOWN_RV TCACTCATTAGGCACCTCGTCAGCTGTAAAATCTCT

pCH-0065 65-N_UP_FW CGCTCACAATTCCACAAGGAGGAGCCTATCATGAA

pCH-0066 66-N_UP_RV CAGCAGTTGAAGTGTAATCCTTTGGTATG

pCH-0067 67-N_DOWN_FW ACACTTCAACTGCTGATAAATTAGCGGA

pCH-0068 68-N_DOWN_RV TCACTCATTAGGCACTGTCATGGATGAAAGCCTTC

pCH-0069 69-X_UP_FW CGCTCACAATTCCACGAACCTTTAGCTTCACCCAA

pCH-0070 70-X_UP_RV GTAAACTAAGCTGATCAAGTTCTGCTA

pCH-0071 71-X_DOWN_FW ATCAGCTTAGTTTACTGACAGTCAGTGAT

pCH-0072 72-X_DOWN_RV TCACTCATTAGGCACATTCTGGATGCCATTGAACA

pCH-0073 73-T_UP_FW CGCTCACAATTCCACAAGCAAGTTGTTCCACAATT

pCH-0074 74-T_UP_RV GTTTGTACAGAAACAAATTCAACAAGAGCTTTCATATCTT CA

pCH-0075 75-T_DOWN_FW TGAAGATATGAAAGCTCTTGTTGAATTTGTTTCTGTACAA AC

pCH-0076 76-T_DOWN_RV TCACTCATTAGGCACTAACATTGAGCGAAAGAACG

pCH0328 0328-DB-Up_F CGCTCACAATTCCACGTGAATGGCGCAATGGTCTGACTT

pCH0329 0329-DB-Up_R AAGAACGACCATACGTCCATCATCATTACGGGCAATCATTG

pCH0330 0330-DB-Down_F TGCCCGTAATGATGATGGACGTATGGTCGTTCTTGGTTCAG

pCH0331 0331-DB-Down_R TCACTCATTAGGCACCACTCCAGCCTTCTTCATTGAGTCT A

pCH-0083 83-Seq_mid_01_F2 GTCGATTCATCATGGGGTTAC

pCH-0084 84-Seq_mid_02_O2 GACTTCCTTGGTGGCGTGTA

pCH-0085 85-Seq_mid_03_A GTCACAGTTAAACTAGCAAATG

pCH-0087 87-Seq_mid_05_V GTACTTTTCTAGCTCCATTGTTG

pCH-0089 89-Seq_mid_07_pcp CGGAAATTATCCCCATCATAGC

pCH-0091 91-Seq_mid_09_DA GATGAATCCAGCACGTGAC

pCH-0094 94-Seq_mid_12_C GCATCTCTCATATGTTTGACGA

pCH-0095 95-Seq_mid_13_N GCACTTACACGCGTTATCG

pCH-0097 97-Seq_mid_15_T GAGAGACCTACGAGTGAGAG

pCH-0099 0099-Seq_F_pCS1966 CTGCAGGAATTCGATATCAAGC
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Table S1

Oligonucleotides used in this study

Short Name Long Name Sequence (5’ - 3‘)

pCH-0100 0100-Seq_R_pCS1966 CTTTGAGTGAGCTGATACCGC

pCH-0101 0101-PrtP_F GTCTGTAAACGGCTAAATAATAACG

pCH-0102 0102-PrtP_R AACAATGTGAAGTCAGCTGCCTAA

pCH-0103 0103-PrtP_1 GCAAAACTTGGTATGCCGACAT

pCH-0104 0104-PrtP_2 AAGTACCACTGAACCAGCCAAA

pCH-0105 0105-PrtP_3 TATGGTGACAATACCATCAAGGT

pCH-0106 0106-PrtP_4 CTTGATGCCACCAAGAGCGTTA

pCH-0107 0107-PrtP_5 CGCAGATTGAATTCACACTATCT

pCH-0108 0108-PrtP_6 CAGCACACCCGGATGATAGTC

pCH-0109 0109-PrtP_7 CTCTGACACTTCTGCAACAACC

pCH-0110 0110-PrtP_8 TCAGGCAAGCGTTAAAGCAGCT

pCH-0111 0111-PrtP_8_R GACTATCATCCGGGTGTGCTG

pCH-0112 0112-PrtPM_F CTGGCTGTTATTTCATCTTACTC

pCH-0113 0113-PrtPM_R GTTTACTGTAAGCATTTCAGAGG

pCH-0168 0168-pTLR_seq_F CTATATCGTTAGGTACAGCTTCC

pCH-0170 0170-pTLR_seq_R_2 CGTGGCCAATATGGACAACTT

pCH-0173 0173-PrtMP_F_XhoI 
(pLP712) GGCTCGAGGGCTGTTATTTCATCTTACTCG

pCH-0174 0174-PrtPM_R_NcoI 
(pLP712) GGCCATGGGAACCGTTTCTACTCAATGAAC
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abstract

Lactococcus lactis subsp. cremoris MG1363 is a model for the lactic acid bacteria (LAB) 

used in the dairy industry. The proteolytic system, consisting of a proteinase, several 

peptide- and amino acid uptake systems and a host of intracellular peptidases, plays 

a vital role in nitrogen metabolism and is of eminent importance for flavor formation 

in dairy products. The dipeptidase PepV functions in the last stages of proteolysis. A 

link between nitrogen metabolism and peptidoglycan (PG) biosynthesis was underlined 

by the finding that deletion of the dipeptidase gene pepV (MGΔpepV) results in a 

prolonged lag phase when the mutant strain was grown with a high concentration of 

glycine. In addition, most MGΔpepV cells lyse and have serious defects in their shape. 

This phenotype is due to a shortage of alanine, since adding alanine can rescue 

the growth and shape defects. Strain MGΔpepV is more resistant to vancomycin, an 

antibiotic targeting peptidoglycan D-Ala-D-Ala ends, which confirmed that MGΔpepV 

has an abnormal PG composition. A mutant of MGΔpepV was obtained in which growth 

inhibition and cell shape defects were alleviated. Genome sequencing shows that this 

mutant has a single point mutation in the codY gene, resulting in an arginine residue at 

position 218 in the DNA-binding motif of CodY being replaced by a cysteine residue. 

Thus, this strain was named MGΔpepV_codYR218C. Transcriptome sequencing (RNA-seq) 

data reveals a dramatic de-repression in peptide uptake and amino acid utilization 

in MGΔpepV_codYR218C. Thus, Model of the connections among PepV activity, CodY 

regulation, and PG synthesis of L. lactis is proposed.

Importance

Precise control of peptidoglycan synthesis is essential in Gram-positive bacteria for 

maintaining cell shape and integrity as well as resisting stresses. Although neither the 

dipeptidase PepV nor alanine is essential for L. lactis MG1363, adequate availability 

of either ensures proper cell wall synthesis. We broaden the knowledge about the 

dipeptidase PepV, which acts as a linker between nitrogen metabolism and cell wall 

synthesis in L. lactis. 
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IntroductIon

Lactococcus lactis is a Gram-positive bacterium and, due to its importance in dairy 

industry, one of the most studied lactic acid bacteria (LAB) (1). L. lactis MG1363 is a 

plasmid-free laboratory model strain of which, among many other attributes, the 

proteolytic system has been well elucidated decades ago. Understanding milk protein 

breakdown by L. lactis can help industry to change the flavor profile of dairy products (2). 

The genes of the major proteinase, all peptidases, several peptide uptake systems, and 

of the global transcriptional regulator of nitrogen and carbon metabolism have all been 

cloned and examined into great detail by gene overexpression and knockout studies 

(3–6). 

Milk fermentation by L. lactis involves multiple stages of casein degradation: the cell 

envelope-associated proteinase (PrtP) degrades casein into (oligo)peptides, which are 

transported by the oligopeptide transport system (Opp) and di-/tri-peptide transport 

systems (DtpT, Dpp). After entry into the cytoplasm, the peptides are degraded by an 

array of different peptidases into amino acids for further utilization (4). One of these is 

the dipeptidase PepV, which is responsible for degrading a wide range of dipeptides; 

the enzyme is conserved in LAB such as Lactobacillus delbrueckii subsp. bulgaricus, 

Lactobacillus helveticus SBT 2171, and Lactobacillus sake (7). 

Our previous work has shown that deletion of the dipeptidase gene pepV has no effect 

on the growth rate in the rich M17 medium, but a significantly slower growth was 

observed when the mutant was grown in milk (8). Peptides are the major nitrogen source 

in M17while in milk it is intact casein. This implies that during dairy fermentation PepV 

might play an important role in liberating certain amino acids that affect the growth 

rate.  

Alanine is not essential to L. lactis MG1363 since it can be synthesized by the organism, 

but it is important in peptidoglycan (PG) synthesis (9). Thus, a sufficiently large 

intracellular alanine pool is vital for proper cell growth. Multiple processes in L. lactis 

MG1363 contribute to the pool of intracellular alanine: the uptake of oligopeptides and 

di-/tripeptides containing alanine residues through the Opp, Dpp or DtpT transporters 

mentioned above, the further degradation by peptidases to liberate the alanine (4); the 

uptake of free alanine from the medium via  the DL-Ala transporter SerP2 (10); alanine 

synthesis from pyruvate and glutamate by the transaminase AspC (11) (Fig. 1). 
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Figure 1 Metabolic pathways relevant to intracellular alanine pool in L. lactis MG1363. Partial 
pathways adapted from KEGG (www.genome.jp/kegg/pathway.html). Oligopeptide permease (Opp) 
internalizes oligopeptides containing 4 to 35 amino acid residues, dipeptide permease (Dpp) and 
ion-linked di/tripeptide transporter (DtpT) take up di-/tripeptides (3); A host of different intracellular 
amino- and endopeptidases, among which the dipeptidase PepV, degrade peptides into smaller 
peptides and, ultimately, amino acids (4); Glycolysis, e.g., using glucose, contributes to pyruvate 
formation (40, 41); DL-alanine/DL-serine/glycine transporter (SerP2) imports extracellular alanine 
(10); ATP-driven glutamate/glutamine transporter (GlnPQ) (42) and aspartate/glutamate transporter 
(AcaP) import glutamate (43); Branched-chain amino acids (BCAAs; Leu, Ile, Val) are co-repressors 
of the pleiotropic transcriptional regulator CodY, which represses nitrogen metabolism (21); Ala-
nine-synthesizing transaminase (AspC) converts pyruvate and glutamate into alanine and α-ketoglu-
tarate (11); Alanine racemase (Alr) catalyzes interconversion of L-Ala and D-Ala; DltABCD are involved 
in D-alanylation of lipoteichoic acid (LTA) (29); Ddl ligates D-Ala to D-Ala-D-Ala (44), MurABCDEFG 
catalyze peptidoglycan (PG) precursor synthesis, which through the indicated additional enzymatic 
steps leads to the formation of the mature PG (9). 
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Amino acid metabolism in bacteria is normally regulated by biochemical control of 

specific enzymes or response to certain metabolites. However, more global regulation 

also exists at the level of gene transcription. CodY is a pleiotropic repressor that is well 

conserved in low GC-containing Gram-positive bacterial species. It was first identified 

in Bacillus subtilis as a repressor of the dipeptide transport (dpp) operon (12). Later 

studies showed that CodY more generally controls nitrogen metabolism, while in some 

pathogens it also regulates virulence gene expression (13). Previous studies from our 

laboratory and others have identified the regulon of L. lactis CodY (14, 15). The majority 

of the CodY-dependent genes in L. lactis are involved in the degradation of casein, in 

peptide and amino acid transport and metabolism. The major peptide uptake systems 

in a CodY deletion strain are highly upregulated when compared to the wildtype L. lactis 

MG1363, which might severely alter the intracellular nitrogen pool (14).

In this study, we observed that of 14 peptidase knock-out mutants of L. lactis, only 

the dipeptidase PepV mutant did not grow in the presence of a high concentration 

of glycine. We show that dipeptidase PepV affects PG synthesis by influencing the 

intracellular alanine pool. A pepV knockout mutant has a severely prolonged lag phase 

in the presence of glycine in the medium with cells showing defects in their shape and 

separation ability. After cultivation of the pepV knockout mutant, a new mutant with 

shorter lag phase was obtained. Genome- and RNA sequencing revealed that this shorter 

lag phase was affected by a point mutation in the global repressor codY resulting in the 

de-repression of the corresponding CodY regulon.

results

D i p e p t i d a s e Pe pV a f f e c t s  g r ow t h a n d ce l l  m o r p h o l o g y

M17 media with glucose (GM17) supplemented with glycine (1.5%, w/v) and sucrose (0.5 

M) (SMGG) are widely used for making competent cells of L. lactis. The principle is that 

glycine weakens the cell wall, while sucrose works as an osmotic pressure stabilizer (16).

Interestingly, we observed during the construction of L. lactis multiple peptidase mutants 

that an L. lactis MG1363 derivative lacking the dipeptidase gene pepV (MGΔpepV) does 

not grow overnight in SMGG when inoculated directly from a glycerol stock. None of 

the other 14 peptidase knockout mutants had that problem (data not shown). However, 

when the glycerol stock was first grown overnight in GM17 and then inoculated in SMGG, 

an increase in culture optical density at 600 nm (OD) of L. lactis MGΔpepV is consistently 
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observed after around 15 h (Fig. 2A). Light microscopy analysis of MGΔpepV in SMGG 

media revealed several morphological changes in a large fraction of the cells when 

compared to the control strain MG1363 under the same conditions (Fig. 2B). While the 

wildtype strain shows normal lactococcal morphology in both GM17 and SMGG media, 

many of the MGΔpepV cells in SMGG have pointed ends, a larger cell size, or have a 

greyish color with a blurred border indicative of cell lysis. In addition, long chains of cells 

are also observed. 

Previously, it was shown that L. lactis dipeptidase PepV can liberate alanine from 

dipeptides (8). Hammes et al. (17) have shown that a high concentration of glycine 

disrupts peptidoglycan (PG) biosynthesis in several species of Gram-positive bacteria 

as it replaces the alanine residues in the PG precursor. Although L. lactis contains several 

other (amino)peptidases that could also liberate alanine from peptides available in the 

Figure 2 Growth and morphology changes in MG∆pepV. (A) Growth at 30 ˚C of L. lactis MG1363 
and its isogenic mutant MG∆pepV in GM17, SMGG, and SMGG plus alanine. Curves are the means of 
triplicates. (B) Light microscopy images of MG1363 and MG∆pepV under conditions corresponding 
to those in A. Samples were taken after cultures reaching stationary phase. (arrows in A). Typical 
examples are shown. White bar, 2 μm.
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rich SMGG medium, their activities are, apparently, not enough to compensate for the 

PepV deficiency, nor is the concentration of free alanine. To determine whether the 

prolonged lag phase in the growth of MGΔpepV might be caused by a lack of alanine, 

we added alanine to SMGG. Indeed, the growth in SMGG can be almost restored to 

wildtype levels by this addition, while the morphology of MGΔpepV was also recovered 

(Fig. 2A, 2B). These observations indicate that a relation exists between PepV and PG 

synthesis. To exclude an effect of other amino acids, we added each of 17 other amino 

acids, but none of them restored growth of MGΔpepV in SMGG (Fig. S1). As the dipeptide 

Ala-Ala allowed MGΔpepV to grow normally in SMGG there are apparently not enough 

alanine-containing peptides in GM17 medium to fulfill the alanine requirement (Fig. 

S1). We therefore hypothesize that PepV affects PG synthesis by contributing to the 

intracellular alanine pool and that none of the other (amino)peptidases can fully take 

over that function.

L .  l a c t i s  M G ∆ p e pV  i s  m o r e r e s i s t a nt  t o  v a n co myc i n t h a n t h e 
w i l d t y p e

Vancomycin inhibits cell wall synthesis by binding to the D-Ala-D-Ala terminal of the 

growing peptide chain during cell wall synthesis. It has been reported that after replacing 

D-Ala by D-Lac in the pentapeptide of the PG precursor, L. lactis becomes more resistant 

to vancomycin and shows defects in cell elongation and separation (24). A vancomycin 

resistance test was performed by inoculating L. lactis MG1363 and MGΔpepV in GM17 

with different concentrations of vancomycin. MGΔpepV is more resistant to vancomycin 

than its parent (Fig. 3). This suggests that the D-Ala in the PG precursor of MGΔpepV has 

been replaced, indicating that PepV is a major contributor to the intracellular alanine 

pool. 

L .  l a c t i s  M G ∆ p e pV  d i e s  f a s t  i n  SM G G a n d r e g r ows a f t e r  a  l o n g 
l a g p h a s e

Because of the large differences in growth behavior in the presence of glycine, it is very 

hard to compare the two strains, MG1363 and MG∆pepV, in similar growth stages at the 

same time. Also, it is impossible to examine the intermediate and direct responses of the 

MG∆pepV strain to glycine since it needs some 10 h to see visible growth. To circumvent 

these problems, the cells were first inoculated in GM17 to allow them to grow, and when 

the cultures reached the log phase, the cells were spun down and resuspended in SMGG. 

As is clear from Fig. 4A, the growth curve of L. lactis MG∆pepV is quite different from 

that of MG1363. The OD of the MG∆pepV culture first slightly increases after which it 
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decreases sharply within 3 h. Subsequently, after a very long lag phase of around 40 h, 

the OD starts to increase again. 

In addition to examining the growth characteristics of the two strains, we also sampled 

the cultures at 4 time points (TP), namely in the log-phase in GM17 just prior to inoculation 

in SMGG (TP0), and 50 min (TP1), 2.5 h (TP2), and 45 h (TP3) in SMGG. The latter two 

time points correspond with the early and late stationary phase of MG1363 and the lysis 

phase and the start of the re-growth of MGΔpepV (see Fig. 4A). The cells were subjected 

to live/dead cell staining in order to observe cell status and any morphological changes. 

As shown in Fig. 4B, the percentage of living L. lactis MGΔpepV cells corresponds to the 

OD change in Fig. 4A. In the culture of MGΔpepV at TP2, dead cells were observable in 

the form of greyish cells that are stained by propidium iodide. Clearly, significantly more 

of those dead cells are present in the MGΔpepV culture than in that of MG1363. At TP3, 

while the MG1363 culture contains a majority of dead cells, the MGΔpepV mutant started 

to regrow (Fig. 4B). Cell lysis of MGΔpepV was indicated by the optical density decrease 

and by the results of a flow cytometry analysis (Fig 4D). A constant culture volume (5 µl) 

was analyzed to calculate the number of cells for each strain. Samples were taken at the 

mid-log phase in GM17 and 2.5 h after the strains were transferred into SMGG. These 

time points correspond to TP0 and TP2 in the live/dead straining experiment. The cell 

number dropped considerably more in the MGΔpepV culture after 2.5 h in SMGG.

Figure 3 MG∆pepV is more resistant to vancomycin. Colors from dark to light represent vancomycin 
concentration of 0 ng/ml, 400 ng/ml, 450 ng/ml, 500ng/ml, respectively. Growth curves show means 
of triplicates.
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Cu l t i v a t i o n o f  L .  l a c t i s  M G Δ p e pV  i n  SM G G l e a d s t o f a s t e r 
r e s t o ra t i o n o f  g r ow t h 

When we inoculated MG∆pepV into SMGG media in a 96-well microtiter plate, growth 

in all of the wells was ultimately observed with some of the cultures showing shorter 

lag phases. We re-inoculated cells from those “faster” cultures in fresh SMGG repeatedly 

and consecutively. After 10 days of repeated cultivation in SMGG, a single colony isolate 

was obtained that grew faster in SMGG than MG∆pepV. We have labeled this strain 

MG∆pepV*. To determine whether the phenotype of MG∆pepV* is caused by adaptation 

or mutation(s), the strain was grown overnight in GM17 and consecutively grown and 

re-inoculated in GM17 daily for 10 days (appr. 150 generations). As no deterioration of 

growth was observed, the reversal of the phenotype is most probably caused by one or 

more stable mutation(s) (see below).

In addition to examining the growth characteristics of the strains, we inoculated three 

strains (MG1363, MGΔpepV and MGΔpepV*) in GM17. When the cultures reached the log 

phase, the cells were spun down and resuspended in SMGG (Fig 5A). In order to observe 

any morphological changes under the microscope, we also sampled the cultures at 

different time points (2.5 h/20 h in SMGG). Some ghost-like cells were observed in the 

cultures of both mutants after 2.5 h in SMGG (Fig. 5B). Clearly, in the culture of MGΔpepV 

more of those ghost cells were present than in that of MGΔpepV*. After 20 h, similar 

morphological changes were seen for MGΔpepV, as presented above (compare Fig. 2B 

with Fig. 5B: cells in long chains, cells with pointed ends, and greyish cells). All of these 

changes are indicative of MGΔpepV having problems in cell wall synthesis and/or cell 

separation. As for MGΔpepV*, the morphology was in between that of the wildtype and 

MGΔpepV (Fig. 5B). 

Since we only monitored the regrowth of MGΔpepV, but not of MGΔpepV*, we then 

performed time-lapse microscopy on SMGG agar slides in order to visualize the 

restoration of growth of MG∆pepV*. The growth patterns of the three strains on the 

SMGG agar slides are consistent with those of the liquid cultures. The wildtype MG1363 

cells grew and divided as normal, while most of the MG∆pepV cells lysed within 12 h, 

and much less MG∆pepV* cells lysed within the same time frame. After 40 h, regrowth of 

only the MG∆pepV* cells was observed, but the cells were longer and did not separate 

smoothly. As for MG∆pepV, regrowth was not observed during the entire analysis period 

(10 days). After 24 h, some “ballooning” is taking place and disappearing in the MG∆pepV 

samples, a phenomenon that is not seen in the cultures of the other two strains. These 
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structures are probably caused by fusion of membranous material after the cells have 

lysed, since the bubbles do not randomly appear on the slide but always in the vicinity 

of lysing cells. Upon disintegration of the bubbles, the remainder seems to stick to the 

cover slide, making it less likely that they are gas bubbles (Fig. 5C and Movie S1-S3). 

Figure 4 Viability of L. lactis MG∆pepV. Four time points were analyzed: TP0 (not indicated 
in A), a sample of the cells grown in GM17 until mid-log phase was taken just prior to the start of 
the experiment where cultures were spun down, washed and resuspended in SMGG and further 
incubated at 30 ˚C. TP1, TP2, TP3, 50 min, 2.5 h, 45 h after resuspension in SMGG, respectively. (A) 
Growth curves of L. lactis MG1363 and MG∆pepV growing in SMGG. (B) Percentage of live/dead cells of 
L. lactis MG1363 and MG∆pepV at each time point; in all cases, more than 500 cells were counted. (C) 
Light microscopy images of cultures of MG1363 and MG∆pepV at each time point. Typical examples 
are shown. White bar, 5 μm. (D) MG1363 and MG∆pepV cells were grown in GM17 until mid-log phase, 
sampled (5 μl each), and then transferred to SMGG for 2.5 h and sampled (5 μl each). All 4 samples 
were analyzed by flow cytometry to calculate the numbers of cells.    
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Figure 5 L. lactis MGΔpepV* has a short lag phase in SMGG. (A) Growth at 30 ˚C of L. lactis MG1363, 
MG∆pepV and MG∆pepV* in GM17 and SMGG. Growth curves are the means of triplicates. Arrows, 
time points for analysis in B. (B) Microscopy images of MG1363, MG∆pepV and MG∆pepV* grown in 
SMGG. Samples were taken at 2.5 h and 20 h after resuspension in SMGG (arrows in A). White bar, 2 
μm. (C) Time-lapse microscopy snapshots of MG1363, MG∆pepV, and MG∆pepV* grown at 30 ˚C on a 
microscopy slide carrying a thin slab of SMGG agar. White bar, 5 μm. Snapshots were taken from Suppl. 
Movie 1-3. B, C, typical examples are shown.
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G e n o m e s e q u e n c i n g s h ows t h a t  M G Δ p e pV *  c a r ri e s  a  s i n g l e 
m u t a t i o n ,  s p e c i f y i n g Co d Y R 218 C 

Based on the observations presented above, we decided to sequence the genomes of 

MGΔpepV and MGΔpepV*. Only one point-mutation (CGT->TGT) is present in MGΔpepV* 

relative to its parent, MGΔpepV, leading to a change of amino acid residue 218 of the 

pleiotropic repressor protein CodY. The single base change replaces the charged arginine 

residue at that position in CodY by a non-charged cysteine residue and from here on we 

will rename L. lactis MG∆pepV* and label it as L. lactis MG∆pepV_codYR218C.  Yuan et al. 

(18), in their molecular docking and molecular dynamics simulations study, predicted 

that L. lactis CodY Arg218 plays a vital role in DNA binding of the protein. When B. subtilis 

CodY arginine residue 214 (Arg214, corresponding to Arg218 of L. lactis) was changed 

into a glutamate residue, CodY DNA binding ability was strongly affected (19). Thus, 

possible DNA binding defects of the mutated CodY repressor in MG∆pepV_codYR218C 

might explain why it regrows much faster than MG∆pepV. To verify this hypothesis, a 

transcriptomic experiment was performed.

T h e Co d Y r e g u l o n i s  h i g h l y  u p r e g u l a t e d i n  L .  l a c t i s  MG∆pepV_

codYR218C i n  SM G G

To assess the effects of glycine on gene expression in MG∆pepV and to explore how 

CodYR218C helped rescuing MGΔpepV_codYR218C, their transcriptomes were compared with 

that of L. lactis MG1363. The strains were cultured in GM17 until the mid-log phase(OD 

= 0.7) was reached, after which the cells were spun down, washed, and resuspended 

in SMGG. The cells were further incubated for 30 min, after which total RNA was 

isolated. This set up was chosen to ensure that the cells were affected by glycine and 

the transcripts were isolated before any major cell lysis would occur. The data of two 

comparisons were analyzed: MG∆pepV vs MG1363 and MGΔpepV_codYR218C vs MG1363 

using the T-Rex software (20). For context simplicity, MG∆pepV and MGΔpepV_codYR218C 

will be used in this section, corresponding to the two comparisons, respectively.

Fig. 6A gives the absolute number of significantly up- or downregulated genes while 

Fig. 6B shows the distribution of affected genes for each comparison. As can be seen 

from Fig. 6B, the extent of transcriptome changes in MGΔpepV_codYR218C (log FC from -5 

to 7) is larger than in MG∆pepV (log FC from -4 to 3). The heatmap of high fold-changed 

top-hits (Fig. S2) shows a similar pattern for both MG∆pepV and MGΔpepV_codYR218C. This 

implies that, although the magnitude of the response of MGΔpepV_codYR218C is larger 
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Figure 6 RNA-Seq confirms upregulation of CodY regulon. (A) Absolute number of genes that are 
upregulated or downregulated in MG∆pepV or MG∆pepV_codYR218C when each of them is compared 
with MG1363, respectively. (B) T-Rex generated volcano plots showing significance versus gene 
expression level in the comparison of L. lactis MG∆pepV with MG1363 or MG∆pepV_codYR218C with 
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than MG∆pepV, the mechanism by which these two mutants react to SMGG is probably 

the same. As is clear from the analysis presented in Fig. 6B, several of the genes that 

are part of the CodY regulon of L. lactis (6) are upregulated in MG∆pepV upon the 30 

min SMGG stress. As expected, the CodY regulon is strongly depressed in MGΔpepV_

codYR218C. Apparently, (some of) the CodY regulon members allow MGΔpepV_codYR218C to 

regrow faster than MG∆pepV in the presence of glycine. 

The CodY-regulon of L. lactis and other Gram-positive bacteria has been examined 

thoroughly by several transcriptome and electrophoretic mobility shift assay (EMSA) 

studies (6, 14, 15, 19, 21–25). As can be seen in Fig. 6B, the majority of the CodY regulon 

genes are upregulated in both MG∆pepV and MGΔpepV_codYR218C. As illustrated in Fig. 

6C and 6D, the CodY-regulon genes of MG∆pepV_codYR218C can be categorized into two 

groups: one encompassing those that encode transporters (opp, ctrA(bcaP), dppA) and 

the other containing amino acid biosynthesis genes/operons such as branched chain 

amino acids (BCAAs: leucine, isoleucine, valine), histidine, glutamate, etc. The dipeptide 

transporter gene dppA is highly upregulated in MG∆pepV_codYR218C but unchanged 

in MG∆pepV. Increased transport by DppA in MG∆pepV_codYR218C might lead to more 

dipeptide uptake as an alternative source of alanine. The expression levels of gltB and 

gltD are also dramatically increased (35-fold) in MG∆pepV_codYR218C compared to those 

in MG∆pepV (2-fold). The oligopeptide permease operon (oppDFBCA) is also upregulated 

in both strains under SMGG stress. This could lead to the import of more oligopeptides 

as potential alanine sources through the action of other (amino)peptidases. Other amino 

acid synthesis (BCAAs, Asp, Ser) or transport (ctrA(BcaP)) genes are also very highly 

upregulated, although this might be due to the fact that they are the most repressed 

genes when CodY functions normally (6).

MG1363. Genes outside the grey areas have a fold-change ≥ 2 and p-value ≤ 0.05; genes outside 
the two dashed lines have a fold-change ≥ 3 and p-value ≤ 0.01. Sphere around a circle is a measure 
of the combined expression level of the corresponding gene in MG1363 plus MG∆pepV  or in 
MG1363 plus MG∆pepV_codYR218C . (C) Left, heatmap showing the fold-change in gene expression 
in MG∆pepV or MG∆pepV_codYR218C  of CodY regulon members, each strain in a comparison with 
MG1363. Number inside each rectangle is the fold-change, NA means no significant difference. Right, 
schematic representation of corresponding CodY regulon genes/operons. Genes are drawn to scale, 
their coloring corresponds to the heatmap color key of MG∆pepV_codYR218C  versus MG1363; grey, no 
significant change.
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dIscussIon

Proper cell wall synthesis is crucial for bacteria in order to maintain cell shape and 

integrity, to allow proper cell division and to resist external stresses and internal turgor 

pressure. Disruption of any component in the process could potentially cause growth 

inhibition or even cell death (35, 36). Gram-positive bacteria have thick cell walls made up 

of peptidoglycan (PG) polymers. In L. lactis, both L-Ala and D-Ala are essential elements 

of the PG precursor (see Fig. 1): L-Ala is coupled to UDP-MurNAc by Mur ligase MurC, 

while a D-Ala-D-Ala dimer is added by MurF to the ends of the penta-peptides that form 

the bridges between two PG strands (9). The amino acid glycine can weaken the cell wall 

by replacing alanine, which disrupts the synthesis process. MurC is inhibited by glycine, 

causing an accumulation of UDP-MurNAc, while the crossbridge links cannot be formed 

when D-Ala is replaced by glycine at position four in the pentapeptide (16, 17). In other 

words, a sufficient alanine pool inside the cell is very important or may be even essential 

for cell wall synthesis in L. lactis.

The intracellular dipeptidase PepV of L. lactis MG1363 hydrolyzes a broad range of 

dipeptides, among which containing an alanine residue(s) (8). PepV of Lactobacillus 

delbrueckii is a relatively nonspecific dipeptidase but has a notable high activity when 

an N-terminal D-Ala residue is present (26). From the crystal structure of PepV from L. 

delbrueckii, it was concluded that the enzyme preferentially should use dipeptides with a 

large hydrophobic side chain at the N-terminal (27). The prolonged lag phase of MG∆pepV 

in a rich medium with a high concentration of glycine can be almost completely restored 

by the addition of alanine. This suggested that a shortage of intracellular alanine in 

MGΔpepV leads to glycine toxicity through abnormal PG precursor formation, causing 

the observed cell shape defects. 

Both MGΔpepV and MGΔpepV_codYR218C, when resuspended in liquid SMGG, initially 

showed a decrease in the OD (Fig. 5A), which is suggestive of cell lysis (also clear in Movie 

S2, 3). The cell shape defects and long chains observed upon subsequent regrowth 

suggest improper cell wall synthesis and cell separation (Fig. 5B). A ΔdltA mutant of 

Streptococcus agalactiae showed a 20-fold decrease in surface rigidity compared to 

the wildtype, which could be recovered by the complementation of dltA. This suggests 

that D-Ala is very important for cell rigidity (28). Two possibilities have been proposed 

to explain L. lactis cell lysis through D-Ala depletion. Alteration of PG makes it more 

susceptible to the autolysin AcmA, or the reductive D-alanylation of lipoteichoic acid 
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results in a decrease of AcmA degradation, increasing lysis activity (29). The vital role that 

D-Ala plays in the proper functioning of PG might also be due to its role in crossbridge 

formation. Indeed, depletion of D-Asp in the PG crossbridge in L. lactis will affect cell 

integrity, resulting in cell shape defects. A shortage of aspartate, the source of the third 

amino acid of the pentapeptide, mDAP, limits PG synthesis in Bacillus subtilis (30, 31). 

The fact that MG∆pepV_codYR218C grows better than MG∆pepV should be linked to the 

mutation in CodY. RNA-Seq, comparing MGΔpepV_codYR218C and MGΔpepV with the 

wildtype, was used to try and uncover the underlying mechanism. The oligopeptide 

transporter Opp, is upregulated in both mutants, while the peptide transporters DppA 

and DtpT are only upregulated in MG∆pepV_codYR218C. An increase in the latter two 

transporters could result in the import of more di/tripeptides and thus contribute to the 

intracellular alanine pool. Alanine can also be synthesized via glutamate and pyruvate 

(see Fig 1). An increase in the intracellular glutamate pool through increased uptake and/

or biosynthesis might lead to supplementation of the alanine pool via the alanine-syn-

thesizing transaminase AspC (11). Although aspC expression is not upregulated in either 

Figure 7 Model showing the response to glycine of MG1363, MG∆pepV and MG∆pepV_codYR218C. 
Relative contribution of intracellular alanine pool derived from PepV activity and form other sources 
are shown in the top most pie charts in each panel. White, no contribution. Difference in the thickness 
of arrows and T-symbols shows the relative contribution or inhibition, respectively. The cross indicates 
the deletion of pepV or the functional loss of CodY. Typical cell morphologies of the strains are shown 
in the bottom right of each panel. White bar, 2 μm. Composition of peptidoglycan (PG) unit when cells 
are grown in GM17 or SMGG are shown at the bottom left of each panel. Relative ratios of normal and 
abnormal PG in GM17 and SMGG are shown by the small pie charts next to the microscopy images.
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strain relative to MG1363, this need not be required if the wildtype level of AspC is 

already enough to deal with the increased glutamate pool. 

The precise mechanism by which PepV affects PG synthesis is unknown. We propose a 

model (Fig. 7) in which PepV is the main contributor to the intracellular alanine pool in the 

rich M17 medium. The pentapeptide of PG of wildtype MG1363 predominantly contains 

alanine in positions 1 (L-Ala) and 4/5 (D-Ala). In MGΔpepV, because it is more resistant to 

vancomycin than MG1363, (some of) the D-Ala might be replaced by its analogues (data 

not shown). When a high concentration of glycine is introduced, some of the alanine 

in PG will be replaced by glycine in the wildtype strain, affecting the PG precursor, but 

not to the extent that we can observe by light microscopy or as a decrease in OD. As for 

MGΔpepV, the replacement of alanine is significantly higher than in the wildtype, which 

ultimately leads to cell shape defects and a lowering of the OD. In MGΔpepV_codYR218C, a 

rescue mechanism is activated: through the functional loss of the global repressor CodY, 

genes related to (oligo)peptide transport and alanine biosynthesis are significantly 

upregulated, alleviating the of alanine shortage and finally decreasing the restoration 

period (Fig. 7).

materIals and methods

B a c t e ri a l  s t ra i n s ,  m e d i a a n d c u l t u r e co n d i t i o n s

Bacterial strains used in this study are listed in Table1. L. lactis MG1363 and its derivatives 

were grown at 30˚C in Difco M17 medium (BD, Franklin Lakes, NJ, USA) containing 0.5% 

(w/v) glucose (GM17). When required, erythromycin was added at a final concentration 

of 5 μg/ml. Chemically defined SA medium with 0.5% (w/v) glucose and 20 μg/ml 

5-fluoroorotic acid (5-FOA; Sigma-Aldrich, St. Louis, MO, USA) as a sole pyrimidine source 

was used for the generation of chromosomal knock-outs (32). Escherichia coli DH5α was 

used for cloning purposes; it was grown aerobically at 37˚C in LB medium (Formedium, 

Norfolk, UK) with, when required, erythromycin at a final concentration of 200 μg/ml. 

All chemicals were obtained from Sigma-Aldrich. Unless stated otherwise, for glycine 

inhibition studies, 0.5M sucrose and 1.5% (w/v) glycine were added into GM17 (SMGG); 

for alanine addition, 240 mg/ml L-Ala/D-Ala or 120 mg/ml L-Ala-L-Ala were added, 

respectively.

R e co m b i n a nt  D NA t e c h n i q u e s a n d o l i g o n u c l e o t i d e s

Standard molecular cloning techniques were performed essentially as described (33). 
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Chromosomal DNA from L. lactis was isolated using the GenElute™ Genomic DNA Kit 

(Sigma-Aldrich, St. Louis, MO, USA). Plasmids and PCR products were isolated and purified 

using the High Pure Plasmid Isolation and PCR Purification kit (Roche Applied Science, 

Mannheim, Germany) and the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, 

Düren, Germany) according to the manufacturers’ instructions. PCR reactions were 

performed with Phusion or DreamTaq polymerase (both from Fermentas) according to 

the manufacturer’s protocol. The obtained PCR fragments were mixed and treated with 

the Quick-Fusion enzyme mixture (BIO-Connect Services BV), yielding 15-nucleotide 

overhangs annealing to complementary overhangs. No ligation was required, 

Quick-Fuison treated mixtures were directly used to transform E. coli. Oligonucleotides 

employed in this study are listed in Table2 and were purchased from Biolegio BV 

(Nijmegen, The Netherlands). Competent E. coli cells were transformed using heat-shock, 

while electrocompetent L. lactis cells were transformed using electroporation with a 

Bio-Rad Gene Pulser (Bio-Rad Laboratories, Richmond, CA). All nucleotide sequencing 

was performed at Macrogen Europe (Amsterdam, The Netherlands).

Co n s t r u c t i o n o f  t h e L .  l a c t i s  d e l e t i o n s t ra i n M G ∆ p e pV

All plasmids and strains that were used or constructed during this study are listed in 

Table1. Nucleotide sequences of the primers are presented in Table 2. Pertinent regions of 

all plasmids were sequenced to confirm their proper nucleotide sequences. The flanking 

Table 1

Strains and plasmids used in this study

Strain or Plasmid Description
Source or 

Reference

E. coli strain

DH5α F- Φ80lacZ∆M15 ∆(lacZYA-argF)U169 rec1A end1A hsdR17 gyrA96 
supE44 thi-1 relA1 (38)

L. lactis strains

MG1363 L. lactis subsp. cremoris plasmid-free derivative of NCDO712 (39)

MG∆pepV MG1363 carrying a chromosomal dele-tion of pepV This study

MG∆pepV_codYR218C MG∆pepV with mutation in CodY 218 residue from arginine to 
cysteine This study

Plasmids

pCS1966 Integration vector for L. lactis (32)

pCS1966-pepV pCS1966 containing pepV deletion construct This study
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Table 2

Sequences of oligonucleotides used for plasmid and strain construction

Primer Names Sequence (5' - 3')

pCS1966_1FW GTGCCTAATGAGTGAGCTAACTC

pCS1966_1RV GTGGAATTGTGAGCGGATAAC

33-V_UP_FW CGCTCACAATTCCACCGAGAAATAGACTTAGCGTT

34-V_UP_RV TCGCTTGGTTGTATAACCATCACGTTCG

35-V_DOWN_FW TATACAACCAAGCGAATGAAATGAAACCT

36-V_DOWN_RV TCACTCATTAGGCACTTAGTCACCAGATGATTTCGT

87-Seq_mid_05_V GTACTTTTCTAGCTCCATTGTTG

0099-Seq_F_pCS1966 CTGCAGGAATTCGATATCAAGC

0100-Seq_R_pCS1966 CTTTGAGTGAGCTGATACCGC

regions of pepV were amplified using 33-V_UP_FW/34-V_UP_RV and 35-V_DOWN_

FW /36-V_DOWN_RV, while the linearized vector was amplified by pCS1966_1FW/ 

pCS1966_1RV. The fragments were then fused with the Quick-Fusion Cloning kit (BiMake, 

Cat. B22612) according to the manufacturer’s instruction, with the exception of using only 

one half of the recommended volume per reaction. Each reaction was directly used to 

transform competent E. coli. The resulting vector was designated as pCS1966-pepV. Vector 

pCS1966-pepV was introduced in L. lactis MG1363 via electroporation (36); cells in which 

the two-step homologous recombination event had occurred were selected by growing 

them on selective SA medium plates supplemented with 20 μg/ml of 5-fluoroorotic acid 

hydrate (32). The obtained strain was labeled MG∆pepV. The chromosomal structure of 

the deletion strain was confirmed by PCR analysis and sequencing. 

O p t i m a l  ce l l  d e n s i t y  (O D)  m e a s u r e m e nt s  u s i n g m i c r o t i t e r  p l a t e 

r e a d e r

L. lactis cells were grown overnight in GM17, then inoculated to the start OD of 0.05 in 

SMGG and divided as triplicates in a transparent 96-wells microtiter plate. OD at 600 nm 

(OD600) was measured every 10 min at  30 ˚C in an Infinite 200 Pro plate reader (Tecan 

Group Ltd., Männedorf, Switzerland) with I-control 1.10.4.0 software (Tecan Group Ltd.).

M i c r o s co py f o r  t i m e p o i nt s ,  l i ve/d e a d ce l l  s t a i n i n g ,  a n d 
t i m e - l a p s e

All micrographs were obtained with a DeltaVision Elite inverted epifluorescence 
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microscope (Applied Precision, GE Healthcare, Issaquah, WA, USA) equipped with a stage 

holder, a climate chamber, a seven-color combined set InsightSSI Solid-State Illumination 

module, and an sCMOS camera (PCO AG, Kelheim, Germany). A 100× phase-contrast 

objective (NA 1.4, oilimmersion, DV) was used for image capturing, in combination with 

SoftWorX 3.6.0 software (Applied Precision) to control the microscope setup. For time 

points microscopy, a standard microscope slide was prepared with a layer of solidified 

agarose (1.5 % w/v in PBS), and 1µl of bacterial cells were spotted on the agar. The 

sample was covered with a standard microscope coverslip for microscopic observations. 

For live/dead cell staining, cell treated using LIVE/DEAD™ BacLight™ Bacterial Viability 

Kit according to the manufacturer’s protocol. To prevent phototoxicity, the excitation 

light (480-500 nm for 0.1 s for SYTO9, and 541-569 nm for 0.3 s for Propidium iodide) 

was limited to 10% of the output of a 100-W Hg-vapor lamp by neutral density filters. 

Emission wavelengths were 509-547 nm (SYTO9) and 580-653 nm (Propidium iodide). 

For Suppl Movies 1, 2, and 3, microscope slides were incubated in the temperature-con-

trolled (Cube and Box incubation system; Life Imaging Services) automated microscope 

(DeltaVision Elite) at 30°C for up to 11 days. Images were obtained every 10 min, the XYZ 

position stored in the microscope control software SoftWorX.

Fl ow Cy t o m e t r y

L. lactis cells were grown overnight in GM17 as described above. Overnight cultures were 

inoculated in GM17 at OD 0.05 and incubated at 30°C. When the OD reached 0.7, cells 

were spun down and washed in PBS. 150 µl of cell culture were resuspended in 2 ml of 

PBS. A constant volume of 5 µL was analyzed by flow cytometry (flow rate at 10 μl/min, 

collecting 30 s) to calculate the number of cells in each culture. Raw data was collected 

using the FACS Diva Software (BD Biosciences) and the FlowJo software was used for 

data analysis (https://www.flowjo.com/).

G e n o m e s e q u e n c i n g a n d d a t a a n a l ys i s

For genome sequencing, a single colony was grown in 4 ml GM17 broth at 30 °C. Overnight 

cultures were diluted 50-fold in fresh GM17 broth and grew until the late exponential 

growth phase. Cells were collected by centrifugation at 10,000 rpm for 2 min, and total 

DNA was isolated with a GenElute bacterial genomic DNA kit (Sigma-Aldrich) according to 

the manufacturer’s protocol. The genomes were determined at GATC Biotech (Germany) 

with an Illumina HiSeq sequencing system. A total of 5 million paired reads (150 bp) were 

generated. FastQC version 0.11.5 (https://www.bioinformatics.babraham.ac.uk/projects/
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fastqc/) was used to examine the quality of the reads, low-quality reads were removed 

with Trimmomatic version 0.38 (34). The reads were assembled de novo using SPAdes 

version 3.11.1 with default parameters (35). At the assembly stage, sequence reads were 

aligned to the previously assembled L. lactis MG1363 genome sequence (NCBI accession 

number NC_009004). Breseq (36) was used to determine point mutations compare to 

MG1363.

R NA i s o l a t i o n a n d R NA s e q u e n c i n g

All procedures were executed at 4˚C unless otherwise stated and all solutions were 

DEPC-treated and subsequently autoclaved. Frozen cell pellets were re-suspended in 

400 µl TE- buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.4) and added to 50 µl 10% sodium 

dodecyl sulfate (SDS), 500 µl phenol/chloroform (1:1 v/v), and 0.5 g glass beads (75–150 

µm, Thermo Fischer Scientific, Rockford, IL, United States). The cells were disrupted by 

shaking 2 times for 45 s in a Biospec Mini-BeadBeater (Biospec Products, Bartlesville, OK, 

United States) with cooling on ice for 1 min between the shaking steps. Subsequently, the 

cell suspension was centrifuged at 14,000 rpm for 10 min. The upper phase containing 

the nucleic acids was treated with 500 µl chloroform and centrifuged as above. Nucleic 

acids in the water phase were precipitated by sodium acetate and ethanol. The nucleic 

acid pellet was re-suspended in 100 µl buffer consisting of 82 µl MiliQ water, 10 µl 10x 

DNase I buffer, 5 µl RNase-free DNase I (Roche Diagnostics GmbH, Mannheim, Germany), 

and 3 µl RiboLock RNase inhibitor (Fermentas/Thermo Scientific, Vilnius, Lithuania), and 

treated for 30 min at 37 °C. The RNA was then purified using standard phenol/chloroform 

extraction and sodium acetate/ethanol precipitation. RNA pellets were re- suspended in 

50 µl elution buffer from the High Pure RNA Isolation Kit (Roche Diagnostics, Almere, the 

Netherlands) and stored at −80 °C. RNA concentration was measured with a Nanodrop 

ND-1000 (Thermo Fischer Scientific). As a measure of RNA quality, the integrity of the 

16S/23S rRNA and the presence of any DNA contamination were assessed by using an 

Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). cDNA library 

preparation and RNA sequencing were performed by BGI Genomics Corporation 

(Copenhagen, Denmark). 

R NA- s e q d a t a a n a l ys i s

Raw sequence reads were analyzed for quality and trimmed with a PHRED score >28. 

Read alignment was performed on the genomic DNA of L. lactic MG1363 using Bowtie 2 

(37). Reads per Kilobase of transcript, per million mapped reads (RPKM) values were used 
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as an input for the T-REx analysis pipeline (de Jong et al., 2015) together with a text file 

describing the factors, contrasts, and classes. T-Rex, which employs EdgeR, was used to 

perform all statistical analyses (20).
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supplmental materIals

Figure S1 Growth curves of L. lactis MG1363 and MG∆pepV in SMGG with 18 amino acids or the 
dipeptide Ala-Ala. 
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Figure S2 Heatmap showing the difference in high fold-changed genes between each mutant, 
MG∆pepV and MG∆pepV_codYR218C, and the wildtype. Genes that did not show statistically 
significant changes in transcript levels (p>0.05) or fold-change less than two (FC<2) were excluded. 
The differentially expressed genes (p<0.05) between mutants and WT libraries were normalized, 
centered and automatically clustered by web server T-Rex. Brown: lower expression; blue: higher 
expression.
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abstract

Plasmid- and genome-based inducible CRISPRi systems were developed for Lactococcus 

lactis. The nisin-inducible promoter PnisA was used to drive the expression of dCas9 from 

Streptococcus pyogenes, while the strong constitutive L. lactis promoter Pusp45 was used 

to express single-guide RNA (sgRNA). In addition, a superfolder fluorescence protein 

(sfGFP) was fused to the C-terminal of dCas9 in order to visualize the induction level 

of the fusion protein. Both systems successfully inhibited the expression of the major 

autolysin AcmA of L. lactis, and the known morphological change (formation of long 

chains of unseparated cells) was observed. However, the plasmid-based systems were 

leaky and mutation phenotypes were already observed without adding the inducer 

nisin. A functional CRISPRi system was obtained by lowering the copy number of the 

dcas9 gene variants by inserting them in the L. lactis chromosome. 
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IntroductIon

Lactococcus lactis, one of the most important lactic acid bacteria (LAB), is widely used in 

the in dairy industry (1) . Besides as a starter culture for dairy fermentation processes, L. 

lactis is also used as a microbial cell factory producing chemicals such as lactic acid or 

mannitol (2); as a host for recombinant protein expression (3); or as a vehicle to deliver 

antigens and therapeutic proteins for human health (4). All of the latter applications have 

been made possible through the development of a well-stocked genetic engineering 

toolkit (5). Techniques for controlling gene expression and genome editing in L. lactis have 

been developed over the past decades. Among these, the NIsin-Controlled Expression 

(NICE) system is probably the most common tool for inducible gene expression in L. 

lactis (6). NICE is based on the quorum sensor two-component system composed by 

the proteins NisR and NisK. The system responds to the presence of the inducer nisin, 

an antimicrobial peptide produced by certain strains of L. lactis (7). Gene editing, 

e.g. knocking genes in or out, can be accomplished in L. lactis by double crossover 

recombination using the non-replicative pORI integration vector (8) or plasmid pCS1966 

(9). The protocols for gene knockout or gene insertion usually consume about 3 weeks to 

generate one mutant. Hence, there is a need for advanced, less time-consuming genetic 

engineering techniques in order to more quickly adapt L. lactis as cell factory or delivery 

vehicle in the future. 

CRISPR-Cas, the clustered regularly interspaced short palindromic repeats (CRISPR)-CRIS-

PR-associated proteins (Cas) system is an RNA-mediated adaptive immune system found 

in bacteria and archaea. It protects host cells from invasive genetic elements such as 

bacteriophages and plasmids (10). Streptococcus pyogenes Cas9 is a DNA endonuclease 

which is natively guided by a RNA duplex that specifically hybridizes to its homologous 

target sequence in DNA and induces a double-strand DNA break (DSB). The RNA duplex 

consists of a CRISPR RNA (crRNA), which requires RNase III cleavage for its formation, and 

a trans-acting antisense RNA (tracrRNA). For convenience, a single-guide RNA chimera 

(sgRNA) was designed to mimick the function of crRNA and tracrRNA and bypass RNase 

III (11). CRISPR interference (CRISPRi) is based on expression of a nuclease-inactive 

Cas9 enzyme (dCas9) that still is targeted to specific place in the genome through 

its interaction with sgRNA. Instead of cutting the DNA at that position, dCas9 blocks 

transcription by preventing access of RNA polymerase to its promoter (occluding 

transcription initiation) or by precluding transcript elongation (12). The CRISPR-Cas9 
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system has been applied in various bacterial genera, such as Bacillus, Escherichia, 

Clostridium, and Streptococcus (13–16). As for LAB, Cas9-induced DSB was applied in a 

CRISPR/Cas9-assisted ssDNA recombineering system in Lactobacillus reuteri (17). Berlec 

et al. constructed a single-plasmid system for inducible CRISPRi gene regulation in L. 

lactis (18).

In this study, we constructed plasmid- and a genome-based inducible CRISPRi system in 

L. lactis. The tool can be applied in the future research in L. lactis for e.g., characterizing 

essential genes that cannot be deleted (Chapter 5) or for silencing of multiple genes 

at the same time to achieve a certain purpose, such as producing multi-peptidase 

knockdown strains of L. lactis with novel intracellular peptidomes possessing better 

bioactive potential (Chapter 2). 

results

C R I S PR i  e n a b l e s  t u n a b l e r e p r e s s i o n o f  g e n e t ra n s c ri p t i o n i n  L. 

lactis

In addition to employing dCas9 we designed a variant of this protein by fusing it to GFP 

in order to be able to follow its expression. To this end, the gene encoding a superfolder 

green fluorescence protein (sfGFP) was fused at the 3’-end of dcas9. In the fusion protein, 

dCas9 and sfGFP are linked via the flexible polylinker AGSGGEAEA (19, 20). To develop 

the inducible CRISPRi systems for L. lactis, we chose the commonly used NICE system 

for dcas9 or dcas9-sfgfp induction (7). Both genes were cloned under control of the 

nisin-inducible promoter PnisA in a pNZ8048-based plasmid (21). The sgRNA gene cassette 

was expressed from the constitutive L. lactis promoter Pusp45 and cloned into a pTLR-based 

vector (Fig 1A and 1B) (19, 22). L. lactis NZ9000 was used as the inducible host strain in this  

study (7). To confirm the reliability of nisin induction, the fluorescence signals of L. lactis 

NZ9000 (pNZ-PnisA-dcas9-sfgfp) were examined. A clear increase of fluorescence signal is 

seen when nisin concentrations are increased from 0 to 20 ng/ml (Fig 1C). In other words, 

dCas9-sfGFP expression levels can be modulated by adding different concentrations 

of nisin. Subsequently, we constructed the reporter strain NZ9000 pseudo10::Pusp45-luc, 

which carries the firefly luciferase gene luc in its pseudo10 locus. This reporter strain was 

used to testdCas9-sfGFP CRISPRi by introducing two vectors: plasmid pNZ-PnisA-dcas9-sf-

gfp for expression of the dCas9-sfGFP fusion protein and plasmid pTLR-Pusp45-sgRNAluc 

to deliver the sgRNA targeting the luc gene. Induction of dCas9-sfGFP with 5 ng/ml nisin 
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resulted in a large decrease of luciferase activity, showing that the dCas9 protein is active 

with the fused sfGFP tail (Fig 1D). A 74% reduction of luciferase activity was obtained 

when cell cultures reached the end of the exponential growth phase without substantial 

impact on the growth of the bacteria.

L e a k y e x p r e s s i o n a n d a  h i g h p l a s m i d co py n u m b e r l e a d t o g e n e 
r e p r e s s i o n i n  t h e a b s e n ce o f  n i s i n

To further demonstrate the efficiency of the system, we analyzed the effects of 

CRISPRi-based repression on cell growth and morphology. Three genes in L. lactis 

NZ9000 were targeted. i) acmA, the major autolysin gene encoding a peptidoglycan 

hydrolase that is responsible for cell separation and autolysis; deletion of acmA causes 

the formation of extremely long chains of cells in L. lactis MG1363 (23). ii) ftsZ, coding for a 

tubulin homologue that plays a key role in cell division in virtually all bacteria; depletion 

of FtsZ leads to long un-septated filamentous cells in Bacillus subtilis (24) and is postulated 

to lead to chain formation in L. lactis (25). iii) pbp2b, specifying the penicillin-binding 

protein 2b; this enzyme plays a direct role in peripheral growth and in filamentation. 

Deletion of pbp2b in L. lactis MG1363 leads to a bloated cell morphology (26). 

Addition of nisin to the two strains that only expressed dCas9 or dCas9-sfGFP had 

little effect on their growth rates (Fig 2B and 2D, growth curves), while a more obvious 

decrease of growth rate and final OD can be observed if one of the sgRNA-expressing 

plasmid is also present in these strains (Fig 2C, 2E, and 2F, growth curves). Microscopy 

analysis of the knockdown strains showed that a good correlation exists between the 

Figure 1. Nisin-inducible CRISPRi systems in L. lactis. A) Two versions of dCas9 expressing cassettes: 
dcas9 gene driven by the nisin-inducible promoter PnisA or dcas9 fused with sfgfp, controlled by PnisA. The 
sgRNA targeting the gene of interest (sgRNAgoi) is driven by the constitutive L. lactis promoter Pusp45. 
B)  In the absence of nisin, sgRNA is expressed but dCas9-sfGFP is not, resulting in transcription of the 
target gene; in the presence of nisin, both sgRNA and dCas9-sfGFP are expressed, so dCas9-sfGFP is 
guided by sgRNA to the target site. The dCas9-sfGFP-sgRNA complex binds to its target gene, blocking 
transcriptional elongation. C) Different levels of dCas9-sfGFP were induced in L. lactis NZ9000 (pNZ-Pni-

sA-dcas9-sfgfp) by adding nisin to different end concentrations. Cell density and fluorescence signal 
were measured every 10 min. The values represent means of triplicates. D) The CRISPRi system was 
tested in the L. lactis luc reporter strain NZ9000 pseudo10::Pusp45-luc. Expression of dCas9-sfGFP was 
induced by addition of nisin to 5 ng/ml. Cell optical density at 600 nm (OD600) and luciferase activity 
of the bacterial culture were measured every 10 min. The relative luciferase activity is the luciferase 
activity divided by the OD600 value. The highest relative luciferase activity (in all cases at the end of 
the exponential growth phases of the cell cultures, marked by orange bar in the growth curve in the 
inset) of each treatment was used for the bar chart; the values represent means of triplicates.
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Figure 2 Growth profiles and morphological changes of CRISPRi strains in the presence or 
absence of gene-targeting sgRNAs. Growth of L. lactis strains in chemically defined medium (CDM) 
(28) with (green) or without (red) 10 ng/ml nisin. Cell densities were measured every 10 min. The 
values represent the average of triplicates. Morphological changes were examined by fluorescence 
microscopy; representative micrographs are shown. Scale bar = 10 μm. L. lactis NZ9000 (A); L. lactis 
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reported phenotype (mentioned above) and the observed phenotype, i.e. long chains 

of cells when knocking down acmA and bloated cell shapes when pbp2b was knocked 

down. The phenotype registered here for the ftsZ knockdown confirms the indirect 

evidence for the involvement of the encoded protein in L. lactis cell morphology (25) 

(Fig 2A-2F, right micrographs). In the absence of nisin, there is no detectable GFP signal 

from the dCas9-sfGFP fusion protein. However, even without a detectable level of 

dCas9-sfGFP, when the cells were not induced with nisin, the same phenotypes (long 

chains or bloated cell shape) are observed (Fig 2E, and 2F, left micrographs). This is also 

the case for the uninduced culture containing the dcas9 gene (Fig 2C, left micrograph). 

This implies that the amount of dCas9 or dCas9-sfGFP produced by the apparent 

leakage of the PnisA promoter combined with the high copy number (around 40) of the 

vector carrying the genetic construct (27) does not affect growth rate or final OD, but it 

is enough to block gene transcription and cause the corresponding mutant phenotypes.

Ch r o m o s o m a l  i n s e r t i o n o f  Pusp45- d c a s 9 - s f g f p  l e a d s t o a  t i g ht  L. 

lactis C R I S PR i  s ys t e m

To avoid the background level activity of uninduced dCas9-sfGFP, we decided to lower 

the copy number of the dCas9-sfGFP cassette by placing it in the chromosome. The 

PnisA-dcas9-sfgfp construct was integrated into the transcriptionally silent pseudo29 

locus of L. lactis NZ9000, while sgRNA was expressed constitutively by Pusp45 on the pTLR 

plasmid. We first compared the dCas9-sfGFP expression levels of the genome- and 

plasmid-based systems. Nisin (10 ng/ml) was added to the cell cultures and the relative 

fluorescence expression was measured after 3 h of further incubation. As shown in Fig 

3B, the dCas9-sfGFP expression level is 20 times lower when the protein is expressed 

from the chromosome than when it is produced from the plasmid. When using an 

sgRNA targeting acmA in cells with a genomic copy of the dCas9-sfGFP cassette, strain 

NZ9000 pseudo29::PnisA-dcas9-sfgfp (pTLR-Pusp45-sgRNAacmA), the cells maintained 

normal morphology in the absence of the inducer nisin. This was not the case using the 

plasmid-based system (compare Fig 3C with Fig 2E).

NZ9000 with plasmid pNZ-PnisA-dcas9 (B); L. lactis NZ9000 with plasmid pNZ-PnisA-dcas9 and plasmid 
pTLR-Pusp45-sgRNAftsZ (C); L. lactis NZ9000 with plasmid pNZ-PnisA-dcas9-sfgfp (D); L. lactis NZ9000 with 
plasmid pNZ-PnisA-dcas9-sfgfp and plasmid pTLR-Pusp45-sgRNAacmA (E); L. lactis NZ9000 with plasmid 
pNZ-PnisA-dcas9-sfgfp and plasmid pTLR-Pusp45-sgRNApbp2b; white arrows point to bloated cells (F).
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Figure 3. Genome-based CRISPRi system is tighter than the plasmid-based system. A) The 
PnisA-dcas9-sfgfp cassette was inserted into the pseudo29 locus in L. lactis NZ9000. B) The L. lactis 
strains carrying either the genome-based or the plasmid-based dCas9-sfGFP expression cassette were 
incubated for 3 h with or without 10 ng/ml nisin, after which culture densities (OD600) and relative 
fluorescence signals were measured. The relative fluorescence activity is the fluorescence activity 
divided by the OD600 value. Each value is the mean of triplicates. C) Morphological changes were 
examined by fluorescence microscopy; representative micrographs are shown. Scale bars = 2 μm.



Chapter 4

112

dIscussIon

The CRISPRi system is a precise tool for gene silencing (12). A functional CRISPRi system 

requires 2 elements: (i) an sgRNA that binds to the host genome, whose binding 

specificity is determined by sgRNA-DNA base pairing (approximately 20 base pairs (bp)) 

and the protospacer adjacent motif (PAM) sequence (in S. pyogenes this is NGG); (ii) a 

dCas9 protein that forms a dCas9-sgRNA complex that is guided by the sgRNA to its 

target on the genome to block transcription initiation or elongation (depending on the 

exact location of the sgRNA-DNA interaction) .

The 20-bp sequence should be adapted each time a different gene needs to be targeted. 

Placing the dcas9 gene and the sgRNA gene in different (small) plasmids is technically 

easier than placing them in the same plasmid as the latter would be more than 10 

kilobases (kb) in size, with the PnisA-dcas9-sfgfp cassette alone already accounting for 5 

kb. Frequently replacing the 20-bp sgRNA sequence would also introduce the risk of 

backbone mutations. Avoiding placing the dcas9 and sgRNA genes in the same backbone 

will help reducing the risk of acquiring mutation(s) in the dCas9 protein. To quickly 

change the 20-bp sgRNA sequence, a highly efficient cloning method is required. The 

quick-fusion cloning and golden-gate assembly methods are better choices than the 

round PCR-ligation method (29, 30). The two former methods can use the same linearized 

sgRNA backbone and directly anneal commercial primers and use the product as the 

insert for further cloning (Fig 4). 

As for any induction experiment, it is important to confirm proper expression of the 

protein of interest. Thus, we fused a fluorescent protein to the dCas9 protein to allow 

visualizing its expression level. The issue with the plasmid-based version of the CRISPRi 

system is that without adding the inducer nisin, a phenotype was observed even in 

the absence of a measurable fluorescence signal. This might be caused the high copy 

number (around 40) of vector pNZ8048 used to induce the expression of dcas9 or 

dcas9-sfgfp; by placing the PnisA-dcas9-sfgfp expression cassette in the genome of L. lactis 

we have solved this problem. 

The chromosomal CRISPRi system developed here is a valuable addition to the genetic 

tool box for L. lactis and, after adjustments possibly also for other LAB as, among others, 

it will allow rapidly characterizing e.g., essential genes or editing biological pathways for 

improved production valuable proteins, peptides or chemicals. 
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materIals and methods

B a c t e ri a l  s t ra i n s ,  m e d i a ,  a n d c u l t u r e co n d i t i o n s 

Bacterial strains used in this study are listed in Table 1. L. lactis NZ9000 and its derivatives 

were grown at 30 °C in Difco M17 medium (BD, Franklin Lakes, NJ, US) containing 0.5% 

(wt/vol) glucose (GM17). For fluorescence and luminescence analyses, L. lactis strains 

were grown in a chemically defined medium (CDM) (28). When required, erythromycin 

or chloramphenicol was added at a final concentration of 5 μg/ml. Chemically defined 

SA medium with 0.5% (wt/vol) glucose and 20 μg/ml of 5-fluoroorotic acid (5-FOA; 

Sigma-Aldrich, St. Louis, MO, US) as a sole pyrimidine source was used for the generation 

of chromosomal insertions (9). Escherichia coli DH5α was used as a cloning host; it was 

grown aerobically at 37 °C in LB medium (Formedium, Norfolk, UK) with, when required, 

erythromycin at a final concentration of 200 μg/ml. All chemicals were obtained from 

Sigma-Aldrich.

Table 1

Strains  used in this study

Strain Reference or source

E. coli strain

DH5α (37)

L .lactis strains

NZ9000 (7)

NZ9000 (pNZ-PnisA-dcas9) This study

NZ9000 (pNZ-PnisA-dcas9 & pTLR-Pusp45-sgRNAftsZ) This study

NZ9000 (pNZ-PnisA-dcas9-sfgfp) This study

NZ9000 (pNZ-PnisA-dcas9-sfgfp & pTLR-Pusp45-sgRNAluc) This study

NZ9000 (pNZ-PnisA-dcas9-sfgfp & pTLR-Pusp45-sgRNAacmA) This study

NZ9000 (pNZ-PnisA-dcas9-sfgfp & pTLR-Pusp45-sgRNApbp2b) This study

NZ9000 pseudo10::Pusp45-luc This study

NZ9000 pseudo10::Pusp45-luc (pNZ-PnisA-dcas9-sfgfp & pTLR-Pusp45-sgRNAluc) This study

NZ9000 pseudo29::PnisA-dcas9-sfgfp This study

NZ9000 pseudo29::PnisA-dcas9-sfgfp (pTLR-Pusp45-sgRNAacmA) This study
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R e co m b i n a nt  D NA t e c h n i q u e s a n d o l i g o n u c l e o t i d e s

Standard molecular cloning techniques were performed essentially as described 

previously (31). Chromosomal DNA from L. lactis was isolated using the GenElute 

genomic DNA kit (Sigma-Aldrich). Plasmids and PCR products were isolated and purified 

using the High Pure plasmid isolation and PCR purification kit (Roche Applied Science, 

Mannheim, Germany) and the NucleoSpin gel and PCR cleanup kit (Macherey-Nagel, 

Düren, Germany) according to the manufacturers’ instructions. PCRs were performed 

with Phusion or DreamTaq polymerase (both from Fermentas, St. Leon Roth, Germany) 

according to the manufacturer’s protocol. The obtained PCR fragments were mixed and 

treated with the Quick-Fusion enzyme mixture (BIO-Connect Services BV, Huissen, the 

Netherlands), yielding 15-nucleotide overhangs annealing to complementary overhangs. 

No ligation was required; Quick-Fusion-treated mixtures were directly used to transform 

Table 2

Plasmids used in this study

Plasmid Host Source or Reference

pJWV102 E. coli (29)

pNZ8048 L. lactis (21)

pLG-MG1 L. lactis (19)

pNZ-PnisA-dcas9 L. lactis This study

pNZ-PnisA-dcas9-sfgfp L. lactis This study

pPEPX-P3-sgRNAluc E. coli (29)

pGHost E. coli

pGHost-Pusp45-sgRNAluc. E. coli This study

pTLR E. coli (22)

pTLR-Pusp45-sgRNAluc E. coli This study

pTLR-Pusp45-sgRNAacmA E. coli This study

pTLR-Pusp45-sgRNAftsZ E. coli This study

pTLR-Pusp45-sgRNApbp2b E. coli This study

pSEUDO::Pusp45-sfgfp(Bs) E. coli (19)

pPEP23 E. coli (36)

pSEUDO10-Pusp45-luc E. coli This study

pSEUDO29 E. coli This study

pSEUDO29-PnisA-dcas9-sfgfp E. coli This study
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E. coli. Oligonucleotides employed in this study are listed in Table 2 and were purchased 

from Biolegio BV (Nijmegen, the Netherlands). Competent E. coli cells were transformed 

using heat shock (32), while electrocompetent L. lactis cells were transformed using 

electroporation (33) with a Bio-Rad gene pulser (Bio-Rad Laboratories, Richmond, CA, 

US). All nucleotide sequencing was performed at Macrogen Europe (Amsterdam, the 

Netherlands). 

Table 3

 Sequences of oligonucleotides used for plasmid and strain construction

Primer name Sequence (5’ – 3’)

0032-USER_Pnis_dCas9_F ATGGATAAGAAAUACTCAATAGGCTTAG

0220-dCas9-USER_R ACTTATAAAGCUCTCGAGGTCGACTTAGTCAC

0217-pNZ8048_USER_F AGCTTTATAAGUAATTACAGCACGTGTTGCTTTGATTG

0221-Pnis_pNZ8048_R AGTATAATATGTTTAGCTGGTTTATAAAAAGCGAGGTTTAAGAGCTATGC

0218-dCas9_USER_R AGTCACCTCCUAGCTGACTCA

0215-sfGFP_USER_F AGGAGGTGACUAATGTCAAAAGGAGAAGAGCTGTTC

0219-linker_sfGFP_USER_R AGGAGGTGACUTGCAGGCGGGATCTGGTG

0149-sgRNA_F AGAGGATAGAAUGGCGCCGT

0150-sgRNA_R AGACTTATTTACUGTTACTGGAGGGATCCATGAG

0147-Pusp45_F AATATGAACATGAUTATATTTACTAATCGCTGGACA

0148-Pusp45_R ATTCTATCCTCUTAAACATATTATACTATTCCTACCCCA

0145-pGHost_F ATCATGTTCATATUTATCAGAGCTC

0146-pGHost_R AGTAAATAAGTCUAGTGTGTTAGAC

0189_luc_F ATAAGGAGGACAAACATGAGATCCGCCAAAAACATAAAGAAAG

0190-luc_R ACTAGTGCTCATTATTTATTATTACAATTTGGGCTTTCCGC

0221_sgRNA(acmA)_F AGTATAATATGTTTAGCTGGTTTATAAAAAGCGAGGTTTAAGAGCTATGC

0222_sgRNA(acmA)_R GCATAGCTCTTAAACCTCGCTTTTTATAAACCAGCTAAACATATTATACT

0235-sgRNA(ftsZ) AGTATAATATGTTTATTCTTCAATCATACGGTTGAGTTTAAGAGCTATGC

0236-sgRNA(ftsZ) GCATAGCTCTTAAACTCAACCGTATGATTGAAGAATAAACATATTATACT

0237-sgRNA(pbp2B) AGTATAATATGTTTAGATAATCTGAACATCGCCACGTTTAAGAGCTATGC

0238-sgRNA(pbp2B) GCATAGCTCTTAAACGTGGCGATGTTCAGATTATCTAAACATATTATACT

0187-pseudo10_R GTTTGTCCTCCTTATTAGTTAATCAGTA

0188-pseudo10_F ATAATGAGCACTAGTCAAGGTCGG

0247-pseudo29_UP_F CGCTCACAATTCCACAGCAGAAATGTATGTGGTCAGC
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Co n s t r u c t i o n o f  p l a s m i d - b a s e d C R I S PR i  s ys t e m s

Pertinent regions of all plasmids constructed in this study were sequenced to 

Table 3

 Sequences of oligonucleotides used for plasmid and strain construction

Primer name Sequence (5’ – 3’)

0248-pseudo29_UP_R TCTTATTCGCGCAAATTAGTCACATTAGCCGAGTGACACCTT

0249-pseudo29_DOWN_F GTGTCACTCGGCTAATGTGACTAATTTGCGCGAATAAGATGA

0250-pseudo29_DOWN_R TCACTCATTAGGCACTCAGATAAACGCATTTTCGCTCT

pCS1966_1FW GTGCCTAATGAGTGAGCTAACTC

pCS1966_1RV GTGGAATTGTGAGCGGATAAC

03-dcas9-pseudo29-F GGTTAAAGGTGTCACTCGGCCTAATGTCACTAACCTGCCCCGTT

04-dcas9-pseudo29-R TCAGCCTCATCTTATTCGCGCGCTTTGATTGTTCTATCGAAAGCG

01-pseudo29_F GCGCGAATAAGATGAGGCTGA

02-pseudo29-R GCCGAGTGACACCTTTAACC

0121-Pusp45_seq_F AGAGAGGAAGAAGAAGCATAGGA

0123-GFP_seq_R GCTATTGTTTCTGGAGCCAATTG

0158-pGHost_seq_F GCTGCAAGGCGATTAAGTTG

0159-pGHost_seq_R GACAACATCTTCGCTGCAAAG

0168-pTLR_seq_F CTATATCGTTAGGTACAGCTTCC

0170-pTLR_seq_R_2 CGTGGCCAATATGGACAACTT

0182-dCas_Seq_6 TCGTCTTGATTTACTCAATCGTGC

0227-Seq_luc_1 TATCGGAGTTGCAGTTGCGC

0228-Seq_luc_2 GATGATAAACCGGGCGCGGT

0263-pNZ_seq_FW ACAGTCGGTTTTCTAATGTCACT

0264-pNZ_seq_RV CAGCAATATCAGTAATTGCTTTATC

0332-pseudo10-seq_F CTGGAGCCAATTGGCATTGGA

0333-pseudo10-seq_R GAGGACAAAAGTAATCATTTGACTATTG

0020_dCas9 _seq_R GCTTCTTGTCTTCTTCCACCA

0021_dCas9 _seq_F_1 GGTAGATTCTACTGATAAAGCGGAT

0022_dCas9 _seq_F_2 GCAAGCAACGGACCTTTGACA

0023_dCas9 _seq_F_3 GCTGATCCATGATGATAGTTTGA

0024_dCas9 _seq_F_4 GTCGTTGGAACTGCTTTGATTA

0025_dCas9 _seq_F_5 GGAGCAGCATAAGCATTATTTAG
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confirm their proper nucleotide sequences. Streptococcus pyogenes dcas9 (dcas9) 

was obtained from plasmid pJWV102 (29) using primers 0032-USER_Pnis_dCas9_F 

and 0220-dCas9-USER_R while the linearized pNZ8048 vector was obtained using 

primers 0217-pNZ8048_USER_F/0221-Pnis_pNZ8048_R. The fragments were then 

fused employing the USER cloning kit (New England Biolabs, Ipswich, MA) according 

to the manufacturer’s instructions, with the exception of using only one-half of the 

recommended volume per reaction. Each reaction mixture was directly used to 

transform competent L. lactis NZ9000. The resulting vector was labeled pNZ-PnisA-dcas9. 

Plasmid pNZ-PnisA-dcas9-sfgfp, expressing a Cas9 variant coupled C-terminally with sfGFP 

via the flexible linker sequence AGSGGEAEA, was made as follows: dcas9 was amplified 

from pJWV102 using primers 0032-USER_Pnis_dCas9_F/0218-dCas9_USER_R. The 

sfgfp with the polylinker at its 5’-end was amplified from plasmid pLG-MG1 (20) using 

primers 0215-sfGFP_USER_F/0219-linker_sfGFP_USER_R. The fragments were then fused 

through USER cloning and the mixture was used to transform competent L. lactis NZ9000 

to obtain the proper construct. 

The DNA fragment encoding the single-guide RNA targeting the luciferase gene 

(sgRNAluc) was amplified from plasmid pPEPX-P3-sgRNAluc (29) by primers 

0149-sgRNA_F/0150-sgRNA_R. The constitutive L. lactis promoter Pusp45 was amplified 

from plasmid pSEUDO::Pusp45-sfgfp(Bs) (19) with primers 0147-Pusp45_F/0148-Pus-

p45_R, and linearized pGHost vector was obtained after amplification using primers 

0145-pGHost_F/0146-pGHost_R. The three fragments were then fused with the USER 

cloning kit and the reaction mixture was used to transform competent E. coli DH5α, 

resulting in plasmid pGHost-Pusp45-sgRNAluc. The Pusp45-sgRNAluc cassette obtained by 

double digestion of the latter plasmid, using restriction enzymes NcoI and XhoI, was 

ligated into pTLR (22) digested with the same enzymes. The ligation mixture was used to 

transform competent E. coli DH5α, yielding plasmid pTLR-Pusp45-sgRNAluc. The sgRNAluc 

sequence is transcribed directly after the +1 of the Pusp45 promoter and contains 20 

nucleotides (nt) in the base-pairing region, which targets the luciferase gene, and is 

followed by an optimized single-guide RNA (34). Plasmid pTLR-Pusp45-sgRNAluc was used 

as the template for generation of other sgRNA expression plasmids by Quick-fusion 

cloning (see next section).

Q u i c k- f u s i o n c l o n i n g o f  s g R NA g e n e s

The 20-nt guide sequences of sgRNAs targeting different genes were selected with 
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CRISPR Primer Designer (35). Briefly, a search was done within the coding sequence of 

each gene for a 14-nt specificity region consisting of the 12-nt “seed” region of the sgRNA 

and GG of the 3-nt PAM (GGN). sgRNAs with more than one binding site within the L. 

lactis genome, as determined by a BLAST search, were discarded. The guide sequence 

was chosen as close as possible to the 5’-end of the coding sequence of the targeted 

gene (12). 

Cloning of sgRNA sequences was done by quick-fusion cloning (Fig 4). Primer pair 

0153-sgRNA_backbone_FW/0154-sgRNA_backbone_RV was designed for linear 

amplification of plasmid pTLR-Pusp45-sgRNAluc. The primers bind directly upstream and 

downstream, respectively, of the 20-bp guide sequence for luc to enable easy sgRNA 

sequence swapping. To fuse the 20-nt new guide sequence into the linearized vector, two 

50-nt complementary primers were designed for each target gene. Each primer contains 

15 nt at one end, overlapping with the sequence on the 5’-end of the linearized vector, 

followed by the 20-nt gene-specific guide sequence and then 15 nt overlapping with the 

sequence on the 3’-end of the linearized vector (Fig 4). The two 50-nt complementary 

primers were annealed in TEN buffer (10 mM Tris, 1 mM EDTA, 100 mM NaCl, pH 8) by 

Figure 4 Scheme of the quick-fusion method used for sgRNA cloning. Two target gene-specific 
primers are designed for each gene to be knocked down. Primers 1 and 2 are complementary: they 
contain 15-bp stretches of homology to sequences of the regions flanking the 20-bp base-paring 
region of the sgRNA encoding sequence. Linearized pTLR-vector is obtained by PCR amplification 
using primers 3 and 4. Once the linearized vector DNA is obtained, it can be used for subsequent 20-bp 
replacements. Replicons p15A and pCT1138 are for replication in E. coli and L. lactis, respectively. eryR, 
erythromycin resistance gene.
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heating at 95°C for 5 min and cooling down to room temperature. The annealed product 

was fused with the linearized vector using the Quick-Fusion Cloning kit (BIO-Connect 

Services BV) according to the manufacturer with the exception of using only one half 

of the recommended volume per reaction. Each reaction mixture was directly used to 

transform competent E. coli DH5α and the designated plasmid was then introduced into 

L. lactis dCas9 or dCas9-sfGFP strains.

Co n s t r u c t i o n o f  l u c  r e p o r t e r  s t ra i n

The luc gene was amplified from plasmid pPEP23 (36) using primers 0189_luc_F/ 

0190-luc_R while the vector pSEUDO::Pusp45-sfgfp(Bs) (19) was linearized by amplification 

using primers 0187-pseudo10_R/0188-pseudo10_F. The fragments were fused by 

employing the Quick-Fusion Cloning kit according to the manufacturer with the exception 

of using only one half of the recommended volume per reaction. The reaction mixture 

was directly used to transform competent E. coli DH5α to pick up plasmid pSEUDO10-

Pusp45-luc. This plasmid, which cannot replicate in L. lactis, was introduced into L. lactis 

NZ9000 via electroporation. Cells in which the plasmid had integrated in the genomic 

locus pseudo10 were obtained by selection on erythromycin. Cells in which resolution 

of the chromosomal structure, leading to the proper integrant strain NZ9000::pseu-

do10::Pusp45-luc, had occurred were subsequently selected by growing on selective SA 

medium plates containing 20 μg/ml of 5-FOA (9). The chromosomal structure of the luc 

insertion was confirmed by PCR analysis and sequencing.

Co n s t r u c t i o n o f  g e n o m e - b a s e d C R I S PR i  s ys t e m

The flanking regions of pseudo29 were amplified using 0247-pseudo29_

UP_F/0248-pseudo29_UP_R and 0249-pseudo29_DOWN_F/0250-pseudo29_DOWN_R, 

while linearized vector pCS1966 was obtained by PCR amplification using the primer 

pair pCS1966_1FW/pCS1966_1RV. The fragments were then fused with the Quick-Fusion 

cloning kit as detailed above. The reaction was directly used to transform competent E. coli 

DH5α. The resulting vector was designated pSEUDO29. The PnisA-dcas9-sfgfp cassette was 

amplified using primers 03-dcas9-pseudo29-F/04-dcas9-pseudo29-R while linearized 

pSEUDO29 was obtained by amplification employing primers 01-pseudo29_F/02-pseu-

do29-R. The fragments were fused using the Quick-Fusion Cloning kit. The reaction 

mixture was directly used to transform competent E. coli DH5α and a transformant 

carrying pSEUDO29-PnisA-dcas9-sfgfp was selected. The resulting vector, which does not 

replicate in L. lactis, was introduced in L. lactis NZ9000 via electroporation; cells in which 
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the two-step homologous recombination event had occurred were selected on selective 

SA medium plates with 20 μg/ml of 5-FOA (9). The obtained strain was labeled NZ9000 

pseudo29::PnisA-dcas9-sfgfp. The chromosomal structure of the insertion was confirmed 

by PCR analysis and sequencing.

O p t i c a l  d e n s i t y,  f l u o r e s ce n ce ,  a n d l u m i n e s ce n ce m e a s u r e m e nt s

L. lactis cells were grown overnight in CDM at 30 °C and then diluted to an optical density 

at 600 nm (OD600) of 0.1 in fresh CDM. Incubation was continued until the mid-log 

phase (OD600 = 0.5) was reached, after which the cells were diluted again to a starting 

OD600 of 0.05 in fresh CDM with different concentrations of nisin. Then, each culture 

was divided in triplicates in a 96-well microtiter plate (Polystyrol, transparent, flat, and 

clear bottom; Corning, New York, US). OD600 and fluorescence signal (GFP: excitation 

485 nm/emission 535 nm) were measured every 10 min at 30 °C in an Infinite 200 Pro 

plate reader (Tecan Group Ltd., Männedorf, Switzerland) with I-control 1.10.4.0 software 

(Tecan Group Ltd.). For luminescence measurements, the cells were grown under the 

same procedures as above, with the exception that, when cell were diluted to the starting 

OD600 = 0.05 in fresh CDM with or without nisin, D-Luciferin sodium salt (SYNCHEM 

OHG, Altenburg, Germany) was added to a final concentration of 2.5 mg/ml. Each culture 

was subsequently divided in triplicates in 96-well polystyrol microtiter plates (white, flat, 

and clear bottom; Corning). OD600 and luminescence signal were measured every 10 

min at 30°C in an Infinite 200 Pro plate reader with I-control 1.10.4.0 software.

M i c r o s co py 

All micrographs were obtained with a DeltaVision Elite inverted epifluorescence 

microscope (Applied Precision, GE Healthcare, Issaquah, WA, US) equipped with a stage 

holder, a climate chamber, a seven-color combined set InsightSSI solid-state illumination 

module, and a scientific complementary metal oxide semiconductor (sCMOS) camera 

(PCO AG, Kelheim, Germany). A 100× phase-contrast objective (numerical aperture 

1.4, oil immersion, DV) was used for image capturing, in combination with SoftWorX 

3.6.0 software (Applied Precision, GE Healthcare) to control the microscope setup. A 

fluorescence filter set which excitation at 475/28 nm and emission at 525/48 nm was 

used to visualize GFP. Fluorescence was imaged with 0.5 to 1 sec exposure times while 

the maximum transmission of the light source was maintained for all exposure settings. 

A standard microscope slide was prepared with a layer of solidified agarose (1.5%, wt/

vol in phosphate-buffered saline), and 1 μl of a bacterial cell culture was spotted onto 
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the agar. The sample was covered with a standard microscope coverslip for microscopic 

observations.
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abstract

Lactococcus lactis is a Gram-positive bacterium that is widely used as a cell factory for 

the expression of heterologous proteins that are relevant in the pharmaceutical and 

nutraceutical fields. The signal peptide of the major secreted protein of L. lactis, Usp45, 

has been employed extensively in engineering strategies to secrete proteins of interest. 

However, the biological function of Usp45 has remained obscure despite more than 

25 years of research. Studies on Usp45 homologs in other Gram-positive bacteria suggest 

that Usp45 may play a role in cell wall turnover processes. Here, we show the effect 

of inactivation and overexpression of the usp45 gene on L. lactis growth, phenotype, 

and cell division. Our results are in agreement with those obtained in streptococci and 

demonstrate that the L. lactis Usp45 protein is essential for proper cell division. We 

also show that the usp45 promoter is highly activated by galactose. Overall, our results 

indicate that Usp45 mediates cell separation, probably by acting as a peptidoglycan 

hydrolase.

Importance

The cell wall, composed mainly of peptidoglycan, is key to maintaining the cell shape 

and protecting the cell from bursting. Peptidoglycan degradation by peptidoglycan 

hydrolysis and autolysins occurs during growth and cell division. Since peptidoglycan 

hydrolases are important for virulence, envelope integrity, and regulation of cell division, 

it is valuable to investigate their function and regulation. Notably, PcsB-like proteins such 

as Usp45 have been proposed as new targets for antimicrobial drugs and could also be 

target for the development of food-grade suicide systems. In addition, although various 

other expression and secretion systems have been developed for use in Lactococcus 

lactis, the most-used signal peptide for protein secretion in this bacterium is that of the 

Usp45 protein. Thus, elucidating the biological function of Usp45 and determining the 

factors affecting its expression would contribute to optimize several applications.
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IntroductIon

Lactococcus lactis has proven to be a suitable bacterial host for the expression and 

secretion of heterologous proteins (1). The most used signal peptide (SP) for protein 

secretion in L. lactis is that of the native Usp45 protein (2).

Previous studies have attempted to characterize Usp45 and have led to the use of the 

usp45 promoter (Pusp45) for gene expression and to the use of the Usp45 export signal 

(SPusp45) for protein secretion in L. lactis (3–5). A role of Usp45 in the proteolytic system 

of L. lactis was excluded, and it did not possess any antimicrobial activity against 

Gram-positive bacteria (3). Thus, its biological function remained elusive (6).

A significant body of research on the PcsB protein in Streptococcus pneumoniae, which 

is homologous to Usp45 in L. lactis (7), has shown that it is required for normal growth 

and cell division (8). Importantly, comparative genomic analysis reveals that homologs 

of PcsB are widely distributed in Gram-positive bacteria (9). Among these proteins, 

PcsB protein has 41.8% similarity to Usp45 from L. lactis and 28.3% similarity to P45 

from Listeria monocytogenes (7, 10). Although muralytic activity of the purified catalytic 

domain (cysteine, histidine-dependent amidohydrolases/peptidases [CHAP]) of PcsB 

was recently demonstrated (11), the full-length P45 protein from L. monocytogenes 

is the only protein exhibiting murein hydrolase activity in vitro (7, 12). P45 from L. 

monocytogenes does not contain a CHAP domain; instead, it contains an NLPC/P60 

domain (13). Moreover, recent studies have shown that PcsB is recruited to the septum 

during the bacterial cell division process, where its muralytic activity is triggered by an 

ATP-driven conformational change, which might explain the nondetectable catalytic 

activity of recombinant PcsB in vitro (11).

Studies in S. pneumoniae and S. pyogenes show that the two-component system (TCS) 

WalKR is essential and that it positively regulates the PcsB protein (14, 15). Two-component 

systems are commonly used by bacteria to sense and respond to environmental signals 

(16). The WalKR system, originally described in Bacillus subtilis, is highly conserved and 

specific to low-G+C-content Gram-positive bacteria. It is responsible for the coordination 

of cell wall metabolism and cell division (17). Interestingly, the WalR orthologue, LlrC, is 

not essential in L. lactis (18). Considering all of these observations, the differences in the 

regulation or function of the PcsB-like proteins might indicate subtle differences in cell 

division in Gram-positive bacteria. In the current report, we investigated the biological 
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function of the Usp45 protein of L. lactis and its contribution to the cell division process. 

These findings now explain the problem of making knockouts of the usp45 gene in 

previous studies and its essentiality under certain conditions.

Since usp45 encodes the major extracellular protein from L. lactis and its SP has been 

extensively used to drive the secretion of proteins and peptides in L. lactis (4), we also 

studied growth conditions to enhance the usp45 promoter activity. Our results show 

that the usp45 promoter is induced by galactose.

results

B i o i n f o r m a t i c  a n a l ys i s  i d e nt i f i e s  m r e C E  g e n e s u p s t r e a m o f 
u s p 4 5

Analysis of the Lactococcus lactis MG1363 genome reveals that the two genes upstream 

from usp45 encode homologs of the cell shape-determining proteins MreC and MreD 

found in other Gram-positive bacteria (Fig. 1A). Previous studies identified the mreCD 

genes in ovococcus species always upstream from an usp45 orthologue (pcsB) (19). The 

conservation of this genomic organization in several Gram-positive bacteria suggests a 

relationship between the biological function of these proteins in cell wall metabolism 

and cell shape. We performed an analysis of the amino acid sequence of Usp45 using the 

Conserved Domains Database (CDD-NCBI) and InterProScan software to identify protein 

domains and to structurally predict protein motifs (see Fig. 1A) (20). We identified the 

Cwl01 and CHAP domains, which suggest that Usp45 has an amidase function (21). 

Cwl01 is a domain described as uncharacterized N-terminal domain of peptidoglycan 

hydrolase, and the CHAP domain is present in proteins involved in cell wall metabolism 

of bacteria (22). The structural prediction identified the Usp45 export signal (SPusp45) 

and three coil motifs. Since a previous study of PcsB from S. pneumoniae describes key 

protein motifs for the protein activity, such as a coiled coil (CC) motif (11), we performed 

a sequence and structure alignment of the Usp45 protein sequence and determined the 

three-dimensional (3D) structural information of PcsB using the PROMALS3D software 

(see Fig. S1 in the supplemental material) (23). This alignment reveals the presence of the 

CC domain in Usp45 and corroborates the presence of the CHAP domain, including the 

conservation of three key amino acid residues of the catalytic CHAP domain (C292, H343, 

and E360). The results of the analysis of Usp45 protein domains and motifs are consistent 

with the structure of PcsB (11).
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To obtain insight into the proteins related to Usp45, a protein-protein interaction network 

analysis was performed with the STRING database (24) (Fig. 1B). Proteins identified in 

the network have a role in cell division or cell lysis, except for Llmg_0506, the function 

of which is unclear. For instance, the enzymes AcmA and AcmD have been extensively 

characterized in L. lactis (25, 26). AcmA participates in cell division and autolysis, whereas 

AcmD is also involved in cell separation and contributes to autolysis when AcmA is 

present (25).

Figure 1 Features of the L. lactis protein Usp45. A) Genetic organization of the llmg_2508, 
llmg_2509 and usp45 genes and protein features (domain and predictions) of Usp45 of L. lactis. The 
products of llmg_2508 and llmg_2509 show homology to MreD and MreC, which were described as 
cell shape-determining proteins in previous studies (19). The arrows indicate transcription start sites. 
The domain features and predictions were identified with InterProScan software (EMBL-EBI) (https://
www.ebi.ac.uk/interpro/) and the Conserved Domains Database (CDD-NCBI) (https://www-ncbi-nlm-
nih-gov.proxy-ub.rug.nl/Structure/cdd/wrpsb.cgi). Cw101, uncharacterized N-terminal domain of 
peptidoglycan hydrolase (COG3883); CHAP, amidase function (pfam05257). Structural predictions 
identified a signal peptide (SP; highlighted in light orange color) and three coil motifs (indicated in 
orange). B) The interaction network (as displayed by EMBL-STRING) for genetically interacting proteins 
possibly related in function with L. lactis Usp45 is shown. Protein-protein interaction network analysis 
obtained from the STRING database (https://string-db.org/cgi/input.pl?sessionId=LiYGlCGsH5Uw&in-
put_page_show_search=on). Usp45 is illustrated as a red node. The thickness of the network edges 
indicates the strength of data support. Llmg_2005, cell wall-associated hydrolase; AcmA, N-acetylmu-
ramidase; AcmD, N-acetylmuramidase, MreD, cell shape-determining protein; MreC, cell shape-de-
termining protein; FtsX, cell division protein; Ps456, endolysin; Llmg_0505, uncharacterized protein.

T h e u s p 4 5  g e n e i s  e s s e nt i a l  f o r  g r ow t h o f  L .  l a c t i s

Genes homologous to lactococcal usp45 are essential in serotype 2 S. pneumoniae 

(pcsB) (8) and Enterococcus faecium (sagA) (27), but not in Staphylococcus aureus (ssa) 

(28), serotype 4 S. pneumoniae (29), or Streptococcus mutans (gsp-781) (30). None of the 

strategies employed by van Asseldonk et al. (3) to inactivate the chromosomal usp45 

gene of L. lactis by homologous recombination were successful, suggesting that usp45 
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is essential under the conditions used. We constructed the pCSPusp45-usp45 L. lactis strain 

and tried several times to delete usp45. Homologous recombination in two steps was 

attempted, using the pCS1966 double crossover (DCO) strategy (31), by growing L. lactis 

cells on synthetic amino acid (SA) medium plates (32) supplemented with 30 μg/ml 

5-fluoroorotic acid hydrate. No usp45 deletion mutant L. lactis strain was obtained. A 

second strategy entailed the replacement of Pusp45 by PnisA (the native usp45 gene driven 

by the nisA promoter). The DCO strategy was attempted in the pCS1966-PnisA-usp45 

strain by growing this strain on SA medium plates with 30 μg/ml 5-fluoroorotic acid 

hydrate and nisin at different concentrations (10, 20, 30, 40, and 50 ng/ml). Again, no L. 

lactis colonies were obtained when Pusp45 was replaced by PnisA. These results clearly 

indicate that usp45 is an essential gene in L. lactis.

Us e o f  t h e C R I S PR - C a s 9 s ys t e m t o t a r g e t  t h e u s p 4 5  g e n e

To repress usp45 by CRISPR interference (CRISPRi), the L. lactis sgRNA(usp45) strain was 

constructed. The production of a single guide RNA (sgRNA) against usp45 is induced with 

nisin (10 ng/ml). Repression of usp45 in L. lactis was performed in rich GM17 medium. 

Figure 2 shows that induction of sgRNA(usp45) results in a growth defect, i.e., a lower 

growth rate compared to that under noninduced conditions is observed when the cells 

are grown in GM17. Remarkably, Fig. 3A shows the effect of knocking down usp45 by 

the CRISPRi system on the cell phenotype in L. lactis. Cells grown under nisin-induced 

conditions show a variety of aberrant cell shapes, including small and large cells, clumps, 

and chains (Fig. 3B). Staining with fluorescent vancomycin (Fl-Van) was performed to 

visualize accumulation of peptidoglycan precursors during the cell division process (33). 

Besides the observation of the aberrant phenotype, some cells were stained entirely 

with Fl-Van. This accumulation of peptidoglycan precursors suggests that the cells failed 

to divide. Moreover, Fig. 3B highlights a cell division defect (blue arrow), where septum 

formation was not evident with the fluorescent vancomycin staining. In agreement 

with the results of inactivation of homologs to usp45 in Streptococcus agalactiae (7), 

the repression of usp45 in L. lactis cells shows irregular cell division compared to that in 

noninduced cells.

O ve r e x p r e s s i o n o f  t h e  u s p 4 5  g e n e

Overexpression of the usp45 gene was performed by nisin induction in the L. lactis 

pNZ-PnisA-usp45 strain. Figure 4 shows that overexpression of usp45 driven by nisin 

induction results in a lower growth rate and lower cell density compared to those of the 
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Figure 2 Effect of induction of the single guide RNA against the usp45 gene on growth of 
Lactococcus lactis. Growth curves of the L. lactis sgRNA(usp45) strain in GM17 medium over 20 h, 
nisin-induced single guide RNA (induced; nisin was added at a concentration of 10 ng/ml) and control 
sample (noninduced). Points are means of 3 replicates for each growth curve. Data are presented as 
mean ± standard deviation (SD). Error bars represent SD.

Figure 3 Induction of the single guide RNA against the usp45 gene of Lactococcus lactis results 
in aberrant cell shape phenotype. Growth of the L. lactis sgRNA(usp45) strain was performed in 
GM17 medium. (a) Cells were grown in two conditions, nisin-induced single guide RNA (induced; 
nisin was added at a concentration of 10 ng/ml) and control sample (noninduced). (b) Accumulation 
of fluorescent vancomycin (Fl-Van) is indicated with a green arrow, and disturbed cell separation is 
indicated with a blue arrow. Samples of each bacterial culture were taken at exponential growth 
phase (optical density at 600 nm of 0.5). Representative images of fluorescent vancomycin (Fl-Van) 
and phase-contrast are shown. Bars, 10 μm.
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Figure 4 Effect of overexpression of usp45 on the growth of L. lactis. Growth curves of the L. 
lactis PnisA-usp45 strain in GM17 medium over 20 h, nisin-induced usp45 expression (induced; nisin 
was added at a concentration of 10 ng/ml) and control sample (noninduced). Points are means of 3 
replicates for each growth curve. Data are presented as mean ± standard deviation (SD). Error bars 
represent SD.

Figure 5 Effect of overexpression of usp45 on phenotype of L. lactis. Growth of the L. lactis 
PnisA-usp45 strain was performed in GM17 medium. Cells were grown under the following two 
conditions: nisin-induced single guide RNA (induced; nisin was added at a concentration of 10 ng/
ml) and control sample (noninduced). Samples of each bacterial culture were taken in the exponential 
growth phase (optical density at 600 nm [OD600] of 0.5). Peptidoglycan synthesis was observed by 
staining the cells with fluorescent vancomycin (Fl-Van). Representative fluorescent vancomycin and 
phase-contrast images are shown. Bars, 10 μm.
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control. Next, we evaluated the effect on the phenotype of cells at exponential growth 

phase (Fig. 5). The overexpression of usp45 causes no visible effect on cell shape, nor 

does it have an effect on the localization of cell wall synthesis. Moreover, no irregularities 

in septum formation during cell division were found.

T h e u s p 4 5  p r o m o t e r  i s  i n d u ce d by g a l a c t o s e .

Although the usp45 promoter has been previously described as a strong promoter in L. 

lactis (34), we investigated whether the activity of the usp45 promoter is affected when 

L. lactis is grown with a carbon source other than glucose. Previous studies have shown 

that the binding of the major autolysin AcmA to the peptidoglycan is reduced when 

L. lactis cells are grown on galactose (26). Therefore, we tested the activity of both the 

acmA and usp45 promoters in L. lactis Pusp45-gfp and PacmA-gfp strains grown in chemically 

defined medium (CDM) supplemented with different carbon sources. Figure 6a shows 

that both promoters are highly induced in the presence of galactose, and to a lesser 

extent when maltose is present. An ~4-fold increase of the usp45 promoter activity 

and an ~3.5-fold increase of the acmA promoter activity is observed in cells grown on 

galactose compared to that in cells grown on glucose (Fig. 6A). To validate our results, 

we aimed to test the activity of a constitutive promoter to the presence of various 

sugars. Thus, we constructed another transcriptional fusion with the promoter PfbaA. The 

fbaA gene encodes the fructose-bisphosphate aldolase, a key enzyme in the glycolysis 

pathway, i.e., it has a housekeeping role in metabolism (35). The green fluorescent 

protein (GFP) expression values of the PfbaA-gfp strain were more homogenous in the 

presence of different sugars than those of the Pusp45-gfp and PacmA-gfp strains. Although 

all of the strains were inoculated with the same dilution (see Materials and Methods), 

they differed in growth rate when grown in CDM supplemented with different carbon 

sources. This growth effect was taken into account to correct the GFP expression 

values at different optical density values (see Materials and Methods and Fig. S2 in the 

supplemental material). Moreover, we performed single-cell GFP measurements by flow 

cytometry to corroborate the effects of sugars on the activity of the usp45 and acmA 

promoters. Accordingly, Fig. 6B shows a shift in the GFP expression levels of the Pusp45-gfp 

and PacmA-gfp strains grown in the presence of galactose and maltose compared to the 

GFP expression levels when grown in glucose. We also measured the GFP expression 

of the PfbaA-gfp strain and observed homogenous GFP expression when it was grown 

in the presence of different sugars. We added a second control for this experiment by 

constructing a L. lactis strain (indicated as the control strain in Fig. 6B) bearing the empty 
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Figure 6 The usp45 and acmA promoters are induced by sugars. A) The usp45, acmA, and fbaA 
promoters were fused to the green fluorescent protein reporter gene (gfp). L. lactis strains bearing 
each construct (Pusp45-gfp, PacmA-gfp, and PfbaA-gfp) were grown in chemically defined medium (CDM) in 
the presence of different sugars (glucose, galactose, fructose, and maltose) at concentrations of 0.5% 
(wt/vol). Population-level normalized green fluorescent protein (GFP) expression (relative fluorescence 
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vector pSEUDO-gfp (promoterless) to distinguish the background fluorescence values. 

Together, these findings confirm that both promoters, acmA and usp45, are highly 

induced in the presence of galactose.

Similarly to what was seen when the cells are grown on glucose, different cell shapes 

were observed when usp45 was inactivated in cells grown on galactose (Fig. 7). There 

was a reduced variation in cell shape, with long-chain formation being the predominant 

phenotypic change. This observation could be due to the fact that when the galactose–

mediated induction results in large amounts of Usp45, the repression of usp45 by the 

nisin-induced CRISPRi system might not reach the same repression levels as those when 

cells are grown with glucose.

Figure 7 Effect of sugars on cell separation. The nisin-induced single guide RNA against usp45 
affects the cell phenotype of L. lactis sgRNA(usp45) when it is grown in M17 containing 0.5% (wt/vol) 
galactose. Cells were grown under two conditions, nisin-induced single guide RNA (induced; nisin 
was added at a concentration of 10 ng/ml) and control sample (noninduced). Representative images 
of the control sample (noninduced) are shown. Peptidoglycan synthesis was observed by staining 
the cells with fluorescent vancomycin (Fl-Van). Representative fluorescent vancomycin (Fl-Van) and 
phase-contrast images are shown. Bars, 10 μm.

units [RFU]/OD600) of bacterial cultures. Data are presented as mean ± standard deviation (SD). Dots 
represent the single values of independent experiments (n = 3). Error bars represent SD. B) Single-cell 
fluorescence measurements by flow cytometry in the presence of different sugars at concentrations 
of 0.5% (wt/vol). Fluorescence measurements were taken at the beginning of the stationary-growth 
phase. Ten thousand ungated events for each sample are shown. A control sample of a L. lactis strain 
bearing an empty vector (promoterless pSEUDO-gfp) was used to compare background fluorescence 
of the bacterial cells.
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dIscussIon

We report here that the long-known Usp45 protein of L. lactis is essential for proper 

cell division. Usp45 from L. lactis has catalytic domains similar to that of PcsB in other 

streptococcal species (36). Inactivation of the usp45 gene affects cell wall synthesis and 

cell shape in L. lactis, which is consistent with a role of Usp45 acting as a cell wall hydrolase, 

and a function that is attributed to the cysteine, histidine-dependent amidohydrolases/

peptidases (CHAP) domain (Pfam identifier PF05257). Moreover, sequence and structure 

alignment of the Usp45 protein sequence and 3D structural information of PcsB reveals 

the conservation of three key amino acid residues of the catalytic CHAP domain (C292, 

H343, and E360; see Fig. S1 in the supplemental material). The essentiality of the Usp45 

in L. lactis is comparable to that of the PcsB in S. pneumoniae, in which the cysteine and 

histidine residues from the CHAP domain were shown to be required for viability (22, 37). 

Since previous studies performed by van Asseldonk et al. reported that the purified Usp45 

protein has no function in the proteolytic system of L. lactis, nor antimicrobial activity 

against other Gram-positive bacteria (3), we speculate that Usp45 requires an ATP-driven 

conformational change to activate the catalytic domains in vivo, as is predicted for its 

homolog PcsB in S. pneumoniae (11). The VicRK TCS regulates pcsB in S. pneumoniae, and 

the VicR regulator is essential for viability in this bacterium (38). The essentiality of VicR 

is caused by regulation of multiple genes, including genes that mediate wall teichoic 

acid biosynthesis, virulence, or exopolysaccharide production (17, 39). Conversely, in the 

homologous TCS in L. lactis (KinC and LlrC), VicR (KinC) is not essential, but its deletion 

results in a clumping phenotype (18). In addition, L. lactis strains where either the kinC or 

llrC gene is disrupted show a similar phenotype to that of the wild type (WT) (see Fig. S3 

in the supplemental material). These findings suggest that either the lactococcal usp45 

may not be completely regulated by the homologous TCS in L. lactis (KinC and LlrC) or 

that this TCS only indirectly affects Usp45 expression (15).

The CRISPRi-mediated knockdown of usp45 led to aberrantly shaped cells, variation in 

cell size, and different patterns of septum formation (Fig. 3A). The formation of long 

chains of cells is a phenotype often described for strains deficient in cell wall hydrolytic 

activity (40). Thus, inactivation of usp45 causes a cell separation defect and unusual cell 

wall synthesis. Accordingly, we suggest that Usp45 acts as a cell wall hydrolase that 

participates in cell separation and cell wall synthesis.

The usp45 gene product is a secreted 45-kDa protein. There is a discrepancy in the 
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literature regarding the description of Usp45 as a surface protein with two possible types 

of surface display, either as a lipoprotein or anchored by transmembrane helices (TMH). 

This description is based on a study that combined software prediction and proteomic 

data, which suggested that the Usp45 protein might exist in an equilibrium between 

unbound and bound states (41). However, recent studies of the PcsB protein provide 

experimental evidence of the PcsB anchoring to the cell via its interaction with the 

membrane-embedded protein FtsX (11, 42). Our study further supports the supposition 

of Usp45 being a surface protein that plays an important role in cell division.

In a previous study, the usp45 gene was used as an internal standard because it is 

presumably constitutively expressed (43). Here, we reveal that the usp45 promoter 

is strongly induced by galactose. Previous studies on the major autolysin AcmA of L. 

lactis have shown that the nature of the carbon source influences binding of AcmA to 

peptidoglycan (26). The authors confirmed that growth of L. lactis on galactose affects 

the carbohydrate composition in the lipoteichoic acids (LTAs) in the cell wall in such a 

way that AcmA binding is decreased compared to that when cells are grown on glucose. 

As alanylation or galactosylation of the LTAs affects the function of AcmA, these changes 

in cell wall composition, when L. lactis is grown on galactose, could diminish efficient 

peptidoglycan hydrolysis by Usp45. Therefore, large amounts of Usp45 are required for 

efficient cell division when galactose is present, and thus the usp45 promoter is highly 

induced. In support of this hypothesis, Fig. 6A shows that repression of usp45, when the 

cells are grown on galactose, causes the formation of long chains of cells. We speculate 

that, although cell separation is impaired, the lesser variation in cell shape and cell size 

compared to those when usp45 is inactivated in cells grown on glucose (Fig. 3) might 

result from a higher expression of usp45 that counterbalances the inactivation.

The present results are significant in at least two major respects. First, we provide 

evidence for a role of L. lactis Usp45 in cell shape and division. Second, since the usp45 

promoter and Usp45 signal peptide are commonly used for heterologous protein 

secretion, induction of Pusp45 by galactose might be further developed for novel 

engineering strategies. Moreover, based on our results, food-grade suicide systems can 

be developed, which would remove recombinant L. lactis cells from food products after 

they have performed their function.

Further research should be undertaken to investigate whether one of the TCSs in L. lactis 

is responsible of the regulation of usp45. Since all known homologs of Usp45 in other 
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Gram-positive bacteria are regulated by the WalKR (VicRK) two-component system, it 

would be relevant to determine what makes L. lactis an exception to this rule. One of 

the issues that emerges from previous studies and our findings is that PcsB-like proteins 

might not only be typical hydrolases but also be enzymes that organize the cell division 

process (42), a role that would be consistent with the essential nature of the usp45 gene 

and its homologs (44).

The present study supports a model in which Usp45 mediates cell separation by its 

catalytic activity as peptidoglycan hydrolase. Gram-positive bacteria produce several 

enzymes that hydrolyze peptidoglycan (45, 46). Lactococcus lactis produces three 

different types of peptidoglycan hydrolases (47, 48). According to our data, when Usp45 

is expressed at low levels, the balance between cell wall synthesis and cell division is 

affected. Usp45 may affect the activity of other cell wall hydrolases such as AcmA and 

AcmD. The great variation in aberrant cell shapes caused by irregular cell wall synthesis is 

a remarkable sign of the consequences of a perturbation in the peptidoglycan synthesis 

and turnover harmony.

materIals and methods

B a c t e ri a l  s t ra i n s  a n d c u l t u r e co n d i t i o n s .

The bacterial strains used in this study are listed in Table 1. L. lactis was grown as standing 

cultures at 30°C in M17 broth (Difco BD, NJ, USA) with 0.5% (wt/vol) glucose (GM17) or in 

chemically defined medium (CDM) (49) supplemented with glucose (GCDM), galactose, 

fructose, or maltose (Sigma-Aldrich, MO, USA). All sugars were added at concentrations 

of 0.5% (wt/vol). GM17-agar plates contained 1.5% (wt/vol) agar. When necessary, 

culture media were supplemented with erythromycin (Sigma-Aldrich, MO, USA) and/or 

chloramphenicol (Sigma-Aldrich, MO, USA), both at 5 μg/ml.

Escherichia coli DH5α (Life Technologies, Gaithersburg, MD) was used to perform all 

recombinant DNA techniques. Cells were grown at 37°C in Luria-Bertani (LB) broth 

or Luria-Bertani agar 1.5% (wt/vol) (Difco BD). For screening of colonies containing 

recombinant plasmids, chloramphenicol (25 μg/ml) or erythromycin (150 μg/ml) was 

added. Nisin induction was performed by diluting an overnight culture of L. lactis 1:50 

and adding nisin (Sigma-Aldrich, Munich, Germany) to a final concentration of 10 ng/

ml. For microscopy experiments and plate reader assays, L. lactis was grown in GCDM. 

Exponentially growing cells (optical density at 600 nm [OD600] of 0.3) were collected 
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by centrifugation in a Microfuge 16 centrifuge (Beckman Coulter, Woerden, The 

Netherlands) and washed three times with phosphate-buffered saline (PBS) (pH 7.2) 

solution containing KH2PO4 at 15.44 μM, NaCl at 1.55 mM, and Na2HPO4 at 27.09 μM.

R e co m b i n a nt  D NA t e c h n i q u e s a n d o l i g o n u c l e o t i d e s .

DNA amplifications by PCR were performed using a PCR mix containing Phusion 

high-fidelity (HF) buffer (Thermo Fisher Scientific, Inc., MA, USA), 2.5 mM deoxynucleoside 

triphosphate (dNTP) mix, Phusion HF DNA polymerase (Thermo Fisher Scientific, Inc.), 

oligonucleotides (0.5 μM each), and 50 ng of L. lactis chromosomal DNA as the template. 

Oligonucleotides (Table 2) were purchased from Biolegio (Nijmegen, The Netherlands). 

Table 1

Strains and plasmids used in this study

Strain name/genotype or 

plasmida 
Relevant genotype and/or descriptionb Source or reference

L. lactis Strains

NZ9000 (WT) MG1363 pepN::nisRK 50

sgRNA(usp45) 
Eryr Cmr, NZ9000 carrying pNZ-PnisA-dcas9 and 

pTLR-Pusp45-sgRNA(usp45) 
This work

PnisA-usp45 Cmr, , NZ9000 carrying pNZ-PnisA-usp45 This work

Pusp45-gfp Eryr , NZ9000 carrying pSEUDO::Pusp45-gfp 53

PacmA-gfp Eryr , NZ9000 carrying pSEUDO::PacmA-gfp  This work

pCSPusp45-usp45 Eryr, NZ9000 carrying pCS1966::Pusp45-usp45 This work

pCSPnisA-usp45 Eryr, NZ9000 carrying pCS1966::PnisA-usp45 This work

PfbaA-gfp Eryr, NZ9000 carrying pSEUDO::PfbaA-gfp This work

pSEUDO vector Eryr, NZ9000 carrying pSEUDO::gfp (promoter-
less) This work

ΔkinC Eryr derivative of MG1363 with 800-bp disrup-
tion in the kinC gene; MGKinC 18

ΔllrC Eryr derivative of MG1363 with 500-bp disrup-
tion in the llrC gene; MGRrC 18

E. coli strain

DH5α F- Φ80lacZ∆M15 ∆(lacZYA-argF)U169 rec1A 
end1A hsdR17 gyrA96 supE44 thi-1 relA1 Laboratory stock

Plasmids

pCS1966 Eryr, oroP integration vector 31

pSEUDO-sfgfp(Bs) Eryr, pCS1966 derivative for integration in 
llmg_pseudo10 locus 56

pNZ8048 Cmr,, PnisA nisin-inducible gene expression 
vector  51        
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PCRs were performed in an Eppendorf thermal cycler (Eppendorf, Hamburg, Germany). 

The DNA target sequence of interest was amplified by 35 cycles of denaturation (98 °C 

for 30 s), annealing (5 °C or more, lower than the melting temperature [Tm] for 30 s), and 

extension (70 °C for 1 min per 1 kbp). Amplifications were confirmed by the 1% agarose 

gel electrophoresis method.

For DNA cloning, we used FastDigest restriction enzymes and T4 DNA ligase (Thermo 

Fisher Scientific, Inc.). Reactions were performed according to the manufacturer’s 

recommendations. The ligation products were transformed into E. coli DH5α (Life 

Technologies) competent cells by electroporation. Cells were plated on Luria-Bertani 

agar plates with appropriate antibiotics and grown overnight at 37°C. Screening of 

colonies to confirm the genetic construct was performed by colony PCR. Positive colonies 

with correct constructs were inoculated in Luria-Bertani broth with the appropriate 

antibiotic. Plasmid DNA and PCR products were isolated and cleaned up with a High 

Pure plasmid isolation kit (Roche Applied Science, Mannheim, Germany) according to 

the protocol of the manufacturer. DNA sequences of constructs were always confirmed 

by DNA sequencing (Macrogen Europe, Amsterdam, The Netherlands).

Table 1

Strains and plasmids used in this study

Strain name/genotype or 

plasmida 
Relevant genotype and/or descriptionb Source or reference

pJWV102-Plac-dcas9sp Ampr, Plac-dcas9sp 54

pNZ-PnisA-sgRNA(usp45) Cmr, pNZ8048 carrying PnisA-sgusp45 This work

pSEUDO::Pusp45-dcas9 Eryr, pSEUDO carrying Pusp45-dcas9 This work

pNZ-PnisA-usp45 Cmr, pNZ8048 carrying PnisA-usp45 This work

pSEUDO::Pusp45-gfp Eryr, pSEUDO carrying Pusp45-sfgfp(Bs) 53

pSEUDO::PacmA-gfp Eryr, pSEUDO carrying PacmA-sfgfp(Bs) This work

pSEUDO::PfbaA-gfp Eryr, pSEUDO carrying PfbaA-sfgfp(Bs) This work

pCS1966::Pusp45-usp45 Eryr, pSEUDO carrying Pusp45-usp45 This work

pCS1966::PnisA-usp45 Eryr, pSEUDO carrying PnisA-usp45 This work

pNZ-PnisA-dcas9 Cmr, pNZ8048 carrying PnisA-dcas9  Chapter 4

pTLR-Pusp45-sgRNA(usp45) Eryr, pTLR carrying Pusp45-sgRNA(usp45) This work

aWT, wild type; sgRNA, single guide RNA.
bCmr, chloramphenicol resistant; Eryr, erythromycin resistant; Ampr , ampicillin resistant.
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Co n s t r u c t i o n o f  L. lactis s t ra i n s .

Lactococcus lactis NZ9000 was used throughout (50). To overexpress the Usp45 protein, 

plasmid pNZ-PnisA-usp45 was constructed. It carries the L. lactis usp45 gene under the 

control of the nisA promoter. The usp45 coding region was amplified by PCR using the 

Table 2

Oligonucleotides used in this study

Name Sequence (5'–3')

usp45-Rv_NcoI AGAACAGCCATGGAAAAAAAGATTATCTCAG

usp45-Fw_KpnI TAAGACGGTACCCTAGTTTGGCATCAAGAAAGTAAC

PacmA-Fw GGCATACTCGAGTACCTTTCTAAAGATTACAAA

PacmA-Rv TATCCAGCATGCTCATTTACATCATCTATTCTATC

PfbaA-Fw GGGTCGATCGAATTCGGTCCTCGGGATATG

PfbaA-Rv GACTTTGCAAGCTTGCATGCCTGCAGGTCG

FwKI_A_XbaI GCAATTGTCTAGAGCGGCCGCCAACAACCTTGTA

RvKI_A_KpnI CAATTGGGTACCCAGCTTTTGTTCCCTTTAGTGAGG

FwKI_B_KpnI GTGCTTGGGTACCTTCTTTTTGTTGAGCTTCATAAGCC

RvKI_B_EcoRI ATTAAAGAATTCCAGTTATGAAAAAAAAGATT

FwKI_C_BamHI ACAGCTCGGATCCCTAGTCTTATAACTATACTG

RvKI_C_EcoRI TGCAGTAGAATTCGTGAGTGCCTCCTTATAATT

FwKI_D_BamHI TCCAGCGATTAGTAAATATAGGATCCTGTATA

RvKI_D_XbaI CTAACTCTCTAGATGAGGGTGGAACACCAAGTG

KOusp45_1Fw GCATTCTAGATAAGTAGTGAGTCGATTTAC

KOusp45_2Rv GCATGGATCCTTAAAATAGCTGAGATAATC

KOusp45_3Fw GCATGGATCCGTGCGTCTGGTGTTACTTTC

KOusp45_4Rv CGTACTCGAGAATGATCGCGTGCACCAAAC

0310-sgRNA(usp45)_F AGTATAATATGTTTAAGCGTAAACACCTGACAACGGTTTAAGAGCTATGC

0311-sgRNA(usp45)_R GCATAGCTCTTAAACCGTTGTCAGGTGTTTACGCTTAAACATATTATACT

0153-sgRNA_backbone_FW GTTTAAGAGCTATGCTGGAAACAG

0154-sgRNA_backbone_RV TAAACATATTATACTATTCCTACCCCAC

0217-pNZ8048_USER_F AGCTTTATAAGUAATTACAGCACGTGTTGCTTTGATTG

0221-Pnis_pNZ8048_R ATTTCTTATCCAUTGGTGAGTGCCTCCTTATAATTT

0032-Pnis_dCas9_F ATGGATAAGAAAUACTCAATAGGCTTAG

0220-dCas9-R ACTTATAAAGCUCTCGAGGTCGACTTAGTCAC
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oligonucleotides Usp45_Fw and Usp45_Rv and chromosomal DNA of L. lactis NZ9000 

as a template. The PCR fragment was cleaved with the enzymes NcoI and KpnI, after 

which it was inserted into the high-copy-number plasmid pNZ8048 digested with the 

same enzymes (51). Plasmid pNZ-PnisA-usp45 was introduced into L. lactis NZ9000 by 

electroporation as described by Holo and Nes (52). Transformants were selected on 

M17-agar plates supplemented with sucrose, glucose, and chloramphenicol (5 μg/ml), 

yielding L. lactis PnisA-usp45.

To construct the plasmids pSEUDO::PacmA-gfp and pSEUDO::PfbaA-gfp carrying the L. lactis 

acmA and fbaA promoters upstream from the gfp gene, the acmA and fbaA promoters 

were amplified by PCR using the oligonucleotides PacmA_fw and PacmA_Rv, PfbaA_

fw, and PfbaA_Rv and chromosomal DNA of L. lactis NZ9000 as a template. The PCR 

fragments were digested with PaeI and XhoI and inserted into pSEUDO-sfgfp(Bs) 

digested with the same enzymes. Plasmids pSEUDO::PacmA-gfp and pSEUDO::PfbaA-gfp were 

integrated into the silent llmg_pseudo10 locus of L. lactis NZ9000 by single-crossover 

integration as described previously (53), yielding L. lactis PacmA-gfp and L. lactis PfbaA-gfp, 

respectively.

To obtain usp45 double-crossover gene deletion mutants, upstream and downstream 

regions of usp45 were selected and amplified using the oligonucleotides KOusp45_1Fw 

plus KOusp45_2Rv and KOusp45_3Fw plus KOusp45_4Rv, respectively. The upstream 

fragment was ligated into pCS1966 (31) using XbaI and BamHI restriction sites. The 

plasmid obtained was named pCS1966-A. Downstream fragment B was cloned into 

pCS1966-A using BamHI and XhoI restriction, and the resulting plasmid was named 

pCS1966::Pusp45-usp45. All pCS1966 derivatives were initially constructed in E. coli DH5α 

and then introduced to L. lactis by electroporation. Homologous recombination in two 

steps was attempted by growing L. lactis cells on SA medium plates (32) supplemented 

with 30 μg/ml 5-fluoroorotic acid hydrate (Sigma-Aldrich, Munich, Germany). A second 

strategy entailed the replacement of Pusp45 by PnisA. Four PCR products were obtained: 

fragment A (oligonucleotides FwKI_A_XbaI and RvKI_A_KpnI amplify the backbone 

pCS1966), fragment B (oligonucleotides FwKI_B_KpnI and RvKI_B_EcoRI amplify 

the upstream region of the usp45 promoter), fragment C (oligonucleotides FwKI_C_

BamHI and RvKI_C_EcoRI amplify the nisA promoter from pNZ8048), and fragment D 

(oligonucleotides FwKI_D_BamHI and RvKI_EcoRI amplify the downstream region of the 

usp45 promoter). The PCR products were ligated into pCS1966 via their corresponding 
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restriction sites. The obtained vector was named pCS1966-PnisA-usp45 and was 

introduced by homologous recombination in L. lactis NZ9000. The strategy was then 

employed by using SA medium plates with 30 μg/ml 5-fluoroorotic acid hydrate and 

nisin (Sigma-Aldrich, Munich, Germany) at different concentrations (10, 20, 30, 40, and 

50 ng/ml).

To obtain L. lactis sgRNA(usp45) (pNZ-PnisA::dcas9; pTLR-Pusp45::sgRNA-usp45), the dcas9 

gene was amplified from plasmid pJWV102-Plac-dcas9sp with the oligonucleotides 

0217-pNZ8048_F and 0221-Pnis_pNZ8048_R. Plasmid pNZ8048 was amplified by 

PCR with oligonucleotides 0032-Pnis_dCas9_F and 0220-dCas9-R. The two fragments 

were ligated and used to transform E. coli, yielding pNZ-PnisA-dcas9. This plasmid was 

introduced into L. lactis NZ9000. The second plasmid carries the sgRNA gene targeting 

usp45. It was obtained by the infusion cloning method (54). The set of oligonucleotides 

0153-sgRNA_backbone_FW and 0154-sgRNA_backbone_RV were designed to obtain 

the linearized version of plasmid pTLR-Pusp45-sgRNA(acmA) (Chenxi Huang, unpublished 

data). The 20-nucleotide (nt) guide sequence targeting acmA was replaced by a sequence 

targeting usp45 (AGCGTAAACACCTGACAACG). To this end, two 50-nt complementary 

oligonucleotides were designed [0310_sgRNA(usp45)_F and 0311-sgRNA(usp45)_R], 

with each oligonucleotide containing 15-nt overlaps with the linearized plasmid, one on 

each side. The plasmid obtained in E. coli pTLR-Pusp45::sgRNA(usp45) was introduced in L. 

lactis pNZ-PnisA::dcas9.

Pl a t e - r e a d e r  a s s ays .

Cultures of L. lactis were grown and prepared as described above. For growth curves, 

L. lactis cells were diluted 1:50 in CDM or M17, both containing either glucose, maltose, 

fructose, or galactose. All sugars were added at concentrations of 0.5% (wt/vol). Growth 

was recorded in 0.2-ml cultures in 96-well microtiter plates and monitored using the 

microtiter plate reader VarioSkan (Thermo Fisher Scientific, Inc.). The OD600 was 

recorded every 10 min for 24 h. The signal was corrected for background noise of the 

medium.

The effect of sugars on promoter activities was determined as follows. All sugars were 

added at concentrations of 0.5% (wt/vol). Growth and GFP expression were monitored 

using the microtiter plate reader VarioSkan (Thermo Fisher Scientific, Inc.) by measuring 

the optical density at 600 nm (OD600) and the fluorescence signal (excitation, 485 nm; 

emission, 535 nm) every 10 min for 24 h. Both signals were corrected for the background 
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values of the medium used for growth. The OD600 values used were corrected for the 

background value of the corresponding medium used for growth (CDM). The calculation 

used for resolving the relative GFP measurements (relative fluorescence units [RFU]/

OD600) of the cultures is depicted by the following formula:

GFPpromoter and ODpromoter are the fluorescence and optical density values of the L. lactis 

strain bearing the promoter of interest fused to the gfp gene. GFPmedium and ODmedium are 

the fluorescence and optical density values of the growth medium. GFPcontrol and ODcontrol 

are the fluorescence and optical density values of the control L. lactis strain (empty 

vector; see Table 1).

The maximum value of the fluorescence peak in each sample was considered to be 

the GFP value in all figures of this work and was corrected with the formula mentioned 

above, yielding the relative fluorescent values (RFU/OD600).

Fl ow c y t o m e t r y.

L. lactis cultures were grown overnight in CDM as described above, washed three 

times in PBS, and transferred to fresh CDM supplemented with various carbon sources 

(glucose, galactose, fructose, and maltose). All sugars were added at a concentration 

of 0.5% (wt/vol). The cultures were incubated at 30 °C, and samples were taken at the 

beginning of the stationary-growth phase. Thresholds for the forward scatter (FSC) and 

side scatter (SCC) parameters were set (200 in both) in a FACSCanto flow cytometer (BD 

Biosciences, CA, USA) to remove all events that did not correspond to cells. The GFP 

signal in all measured cells was recorded in 10,000 events and used for downstream 

analysis (ungated events shown in Fig. 6B). GFP signal measurements were obtained 

with a FACS Canto flow cytometer (BD Biosciences) using a 488 nm argon laser. Raw data 

were collected using FACSDiva Software 5.0.3 (BD Biosciences), and FlowJo software was 

used for data analysis.

Fl u o r e s ce n ce m i c r o s co py.

Washed, exponentially growing cells were transferred to a solidified thin layer of CDM 

with high-resolution agarose 1.5% (wt/vol) (Sigma-Aldrich). A standard microscope slide 

was prepared with a layer of solidified agar. Bacterial cells were spotted on the agar and 

covered with a standard microscope coverslip. For Fl-Van experiments, 10 μl of bacterial 

𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝
𝑂𝑂𝑂𝑂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑂𝑂𝑂𝑂𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝

− 𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐 − 𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝
𝑂𝑂𝑂𝑂𝑐𝑐𝑝𝑝𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐 − 𝑂𝑂𝑂𝑂𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝
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culture was taken at the end of the stationary phase and stained without fixation 

with Fl-Van (a 1:1 mixture of vancomycin [Sigma-Aldrich)] and Bodipy FL-conjugated 

vancomycin (Sigma-Aldrich) at a final concentration of 2 μg/ml), followed by 5 min of 

incubation in the dark at room temperature.

Microscopy was performed with a temperature-controlled (Cube and Box incubation 

system; Life Imaging Services, Basel, Switzerland) DeltaVision (Applied Precision, WA, 

USA) IX7I microscope (Olympus, PA, USA) at 30°C. Images were obtained with a CoolSnap 

HQ2 camera (Princeton Instruments, NJ, USA) at 60-fold or 100-fold magnification using 

a 300-W xenon light source for bright-field and Fl-Van detection (filter from Chroma; 

excitation, 470/40 nm, and emission, 525/50 nm). Snapshots in bright-field microscopy 

and for Fl-Van detection were taken with 10% white light-emitting diode (LED) light 

(Applied Precision); 0.05-s exposure was used for bright-field detection and a 100% 

xenon light and 0.8 s of exposure were used for Fl-Van signal detection. The raw data 

were stored using softWoRx 3.6.0 (Applied Precision) and analyzed using ImageJ 

software (55).

St a t i s t i c s

Statistical analyses were performed using Prism 6.01 (GraphPad Software, Inc.). All 

experiments were repeated independently at least three times. All micrographs show 

representative images from three independent replicate experiments.

B i o i n f o r m a t i c s

Protein structural predictions and domain features were identified using InterProScan 

software (20). Protein domain features were identified using the Conserved Domains 

Database (CDD-NCBI). Protein-protein interaction network analysis was performed 

by employing the STRING database (https://string-db.org/) (24). Protein alignments 

(sequences and structure) were performed by using the PROMALS3D multiple sequence 

and structure alignment server (23)
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supplmental materIals

Figure S1. Sequence and structure alignments of the PcsB and Usp45 proteins. The alignment 
was performed with the PROMALS3D (PROfile Multiple Alignment with predicted Local Structures and 
3D constraints) software http://prodata.swmed.edu/promals3d/promals3d.php, using the protein 
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sequences of PcsB (S. pneumoniae) and Usp45 (L. lactis), and the structure data of PcsB (4CGK, both 
chain id: A,B; https://www.rcsb.org/structure/4CGK). Secondary structure predictions are indicated, 
red: alpha-helix, blue: beta-strand. Consensus predicted secondary structure symbols: alpha-helix: h; 
beta-strand: e. Important protein domains and features are highlighted: colied-coil domain (box in 
light orange color), linker region (box in light blue color), CHAP domain (box in light green color), 
and the three amino acid residues of the catalytic CHAP domain (C292, H343 and E360; indicated 
with yellow triangles). The last two lines of the alignments show the consensus amino acid sequence 
(Consensus_aa) and consensus predicted secondary structures (Consensus_ss). Consensus amino 
acid symbols are: conserved amino acids are in bold and uppercase letters; aliphatic (I, V, L): l; aromatic 
(Y, H, W, F): @; hydrophobic (W, F, Y, M, L, I, V, A, C, T, H): h; alcohol (S, T): o; polar residues (D, E, H, K, N, 
Q, R, S, T): p; tiny (A, G, C, S): t; small (A, G, C, S, V, N, D, T, P): s; bulky residues (E, F, I, K, L, M, Q, R, W, Y): b; 
positively charged (K, R, H): +; negatively charged (D, E): -; charged (D, E, K, R, H): c.

Figure S2 Plate reader assays with L. lactis strains, growing in CDM supplemented with various 
sugars. The usp45, acmA and fbaA promoters were fused to the green fluorescent protein reporter 
gene (gfp). L. lactis strains bearing each construct (Pusp45-gfp, PacmA-gfp and PfbaA-gfp) were grown in 
chemically defined medium (CDM) in the presence of different sugars (glucose, galactose, fructose 
and maltose) at concentrations of 0.5 % (w/v). A control sample of a L. lactis strain bearing an empty 
vector (promoterless pSEUDO-gfp) was used to compare background fluorescence of the bacterial 
cells. Plots of the L. lactis strains growth (top) and fluorescence measurements (bottom) obtained by 
plate reader assay are shown. All values are corrected for background fluorescence. Clear fluorescence 
peaks are observed. The maximum value of the fluorescence peak was corrected by the correspondent 
optical density (OD600) value, yielding the relative fluorescent values (RFU/OD600). These values are 
considered as GFP promoter signals (RFU/OD600) in Fig.6 of this work.
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Figure S3 Effect of deletion of kinC or llrC gene on L. lactis growth and cell morphology. L. lactis 
strains (WT, ΔkinC, ΔllrC) were grown in rich M17 medium supplemented with glucose at concentration 
of 0.5 % (w/v). A) ΔkinC strain shows a clumping phenotype compared to the wild type (WT), and no 
differences are observed between ΔllrC and the wild-type strain. B) Observations of cell morphology 
in L. lactis strains, no differences between ΔkinC or ΔllrC compared to the wild type are observed. 
Samples of each bacterial culture were taken at exponential growth phase (optical density at 600 nm 
of 0.5). Representative images of phase-contrast are shown. Scale bars, 10 µm.
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The goal of this thesis was to answer one question in particular: can one increase the 

quantity or the diversity (or both) of milk-derived bioactive peptides by engineering the 

Lactococcus lactis proteolytic system? The main research line explored that question itself. 

In addition, the three issues that derive from that main questions are separately tackled 

in this thesis: (i) bioactive peptides: How much do we know about bioactive peptides 

derived from milk-derived and, more specifically, beta-casein? (ii) L. lactis engineering: 

Which tools are there and are they good enough or can we develop new/better ones; (iii) 

3. The L. lactis proteolytic system: what do we know about that system and, especially, 

what do we know about the in vivo (complementing) activities of the peptidases with 

respect to cellular growth and peptide degradation Chapter 1 comprehensively reviews 

the knowhow on β-casein-derived bioactive peptides and the potential of using lactic 

acid bacteria to produce such peptides; In Chapter 2, which is the founding chapter of 

the thesis, we engineered the L. lactis proteolytic system by making a large collection of 

various combinations of peptidase gene mutants and used those mutants to increase 

the quantity of different bioactive peptides and the diversity of different bioactivities 

which derived from β-casein; In Chapter 3, we broaden the knowledge about the L. 

lactis proteolytic system, and prove that the dipeptidase PepV plays an important role 

in peptidoglycan biosynthesis by acting as a link between nitrogen metabolism and cell 

wall synthesis. In Chapter 4, we expand the genetic tool box for L. lactis by developing 

plasmid- and genome-based CRISPRi systems that will allow rapidly e.g., editing 

biological pathways or characterizing essential genes, as was explored in Chapter 5. 

the art oF balancIng 
Balancing is an importance aspect in biology. At a single-cell level, maintaining cell 

homeostasis requires balancing in every aspect: activation and inhibition of pathways, 

producing and consuming of chemicals or energy, etc. At the organismal level, for 

prokaryotes, proper cell division is vital for their survival, whereas programmed cell death 

is also essential: a balance between cell division and cell death is crucial for maintaining 

a glorious community for any species of microorganism. For animals, including human 

beings, the immune system helps defend against viral invasion: a balance of the immune 

response is key to upholding a proper health status. An excessive immune response 

may lead to allergy or to other medical problems such as a cytokine storm, whereas an 

insufficient immune response could lead to immunodeficiency. 
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Pe p t i d a s e d e p l e t i o n a n d b i o a c t i ve p e p t i d e s p r o d u c t i o n

When planning to generate an array of peptidase mutants, one might think that deletion 

of more peptidase genes would result in the generation of more bioactive peptides. 

Of course, one would need to carefully balance between leaving enough interesting 

peptides intact that might be bioactive and still “feeding” the bacteria with enough 

peptide-derived amino acids for proper growth. Indeed, in Chapter 2 we show that 

when deleting the genes of peptidases with the same function (L. lactis MGΔpepXPQ and 

MGΔpepVDATDB), there are actually less peptides in the peptidomes than in that of their 

parent strain MG1363. This might be because they produce less peptides due to the lack 

of peptidase activity or because their growth was severely affected (unpublished data). 

If the latter is the case, this could be amended by adding amino acids that these mutants 

require (e.g. MGΔpepVDATDB will need alanine), or simply by adding all 20 amino acids to 

the media. One might in this way recover the growth of the two mutants, and expect a 

di-/tripeptides-rich or a proline-rich intracellular peptide pool, respectively.

From an application point of view, we are only in the screening stage. For some of the 

interesting mutants, e.g. endopeptidase mutant MGΔpepNXOTCF2O2, we actually tried 

to test their angiotensin-converting-enzyme inhibitory (ACE-I) activity. The amount of 

intracellular peptidome obtained in Chapter 2 (starting with 50 ml of cell culture (OD600 

= 0.7)), however, is way below the detecting limit of the ACE Activity Assay Kit (data not 

shown). We calculated that at least a 100-fold increase of cell culture would be needed 

for proper testing. Subsequently, examination in model animals (mouse, rabbit) of the 

peptidase-mutant-casein fermentation product and the synthesized peptides of interest 

should be performed before an industrial level application can be considered.

Co m p e t e nt  o r  l ys i s :  g l yc i n e a n d a l a n i n e co m p e t i t i o n d u ri n g L . 
l a c t i s  p e p t i d o g l yc a n s y nt h e s i s

Proper balancing of cell wall synthesis and repair/breakdown is crucial for bacteria in 

order to maintain cell shape and integrity as well as resist stresses. Glycine can weaken 

the cell wall of L. lactis by replacing the alanine residues in the peptidoglycan precursor, 

leading to improper cell wall synthesis. Addition of glycine to growing L. lactis cells is 

a commonly used procedure to make L. lactis electrocompetent cells. In Chapter 2, we 

observed an interesting phenotype during the sequential introduction of pep mutations 

for the construction of the di-tripeptidase mutant (MGΔpepVDATDB): the dipeptidase 

mutant MGΔpepV does not grow overnight in SMGG medium, containing glycine, 

when inoculated directly from a glycerol stock. None of the other 14 single peptidase 
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knockout mutants had that problem. The reason behind the phenomenon was further 

explored in Chapter 3. It appeared to be the fact that PepV is a main contributor to the 

intracellular alanine pool. Depletion of PepV helped glycine win the competition and 

take over the positions in peptidoglycan that are normally taken alanine. Apparently, 

none of the other peptidases in L. lactis MG1363, notably the aminopeptidases (PepN, 

PepC, PepA, Pcp ) can take over that role. Although neither the dipeptidase PepV nor 

alanine is essential for L. lactis MG1363, adequate availability of either should ensure 

proper cell wall synthesis. 

the Interplay between bIology and technology

New biological techniques often generate major biological discoveries, which, in 

turn, often lead again to new technological developments (1). Microbiology truly 

began with the discovery of microorganisms by Robert Hooke (in 1665) and Antoni 

van Leeuwenhoek (in 1670s) using microscopes. After a lapse of more than 350 years, 

microscopy became the backbone of microbiology and medical biology (2). Another 

example would be the arguably most important technique in molecular biology over 

the past half century: the polymerase chain reaction (PCR). None of us could image 

modern biology without PCR anymore. In addition, PCR has made its way into the world 

outside the laboratory: forensics, evolutionary studies, clinical applications, virus testing, 

etc. (3). The rapid development of high-performance liquid chromatography - tandem 

mass spectrometry (HPLC-MS/MS) has started and fueled the field of proteomics and 

peptidomics. For the work presented in this thesis, the deployment of HPLC-MS/MS has 

been the driver for the results presented in Chapter 2. The CRISPR (clustered regularly 

interspaced short palindromic repeats)-based gene technology is one of the most 

exciting recent discovery that is extremely rapidly advancing gene editing possibilities, 

especially in (higher) eukaryotic organisms that were until recently not amenable to 

specific and targeted mutagenesis strategies. This originally bacterial “foreign-DNA 

defense mechanism” has been explored in Chapters 4 and 5. 

Pe p t i d o m i c s  a n d b i o a c t i ve p e p t i d e d i s cove r y

We engineered the proteolytic system of the L. lactis model strain MG1363 and describe 

a robust and comprehensive analytical framework of bacteria-casein incubation 

conditions, intracellular peptidome extraction, data analysis and visualization. This has 

allowed identifying casein-derived bioactive peptides produced by L. lactis MG1363 and 
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six of its isogenic peptidase mutants. This work was pioneered more than 2 decades 

ago, when Mierau et al. examined the HPLC chromatograms of intracellular amino acid 

and peptide fractions of L. lactis MG1363 and some of its peptidase mutants. However, 

the details of the chromatogram (e.g., which peptide sequences were present) were not 

further explored (4). Clearly, there were technical limitations in those days such as in 

complex sample separation and small peptide identification (5). Rapid developments 

in the technology of nanoscale liquid chromatography coupled to tandem mass 

spectrometry (nano LC-MS/MS) and in algorithms for peptide identification have 

resulted in a dramatic upsurge in research in proteomics and its subfield, peptidomics (6, 

7). Along with the increase in peptidomics studies in general, the discovery of bioactive 

peptides using peptidomic techniques has also expanded rapidly in the past 10 years. 

Especially, these technological advances have made the work described in this thesis 

(Chapter 2) achievable (Fig 1A). Overall, the further development of technology will allow 

identifying more novel bioactive peptides, while it may also support the exploration of 

more bioactivities in the already described bioactive peptides.

Ar e a n g i o t e n s i n - co nve r t i n g - e n z y m e i n h i b i t o r y (AC E - I)  p e p t i d e s 
r e a l l y  t h e m o s t  a b u n d a nt b i o a c t i ve p e p t i d e s i n  m i l k?

Bioactive peptides that have been derived from bovine β-casein-derived are registered 

in three most popular milk-derived bioactive peptides databases (BIOPEP (4), MBPDB 

(5), and EROP-Moscow (6)). These data have been reviewed as part of the work in this 

Figure 1. A) The number of publications obtained from PubMed with the search terms (yellow: 
peptidomics or peptidomic or peptidome) and (blue: peptidomics OR peptidomic) OR peptidome)) 
AND Bioactive peptide). B) Violin plots with mean values (dotted line) showing the publication years of 
papers on ACE-I peptides and “other peptides”. All of these publications were taken from the database 
containing the 136 certified bioactive peptides (Table 5, Chapter 1).  
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thesis (Chapter 1). Among all bioactivities described for peptides obtained from bovine 

β-casein, angiotensin-converting-enzyme inhibitory (ACE-I) action is most prevalent: 

more than half of the peptides present this activity. This naturally raises the following 

questions: are more ACE-I peptides identified because they are more abundant than 

peptides with other activities, or because they are easier to detect than others? ACE-I 

activity can be detected via a simple chemical reaction. As for antimicrobial peptides, 

their target(s) can be a single or a wide range of bacterial species, or even other 

microbes. This makes it time consuming to screen against the proper set of test strains. 

It is even more complex when trying to identify an immunomodulatory peptide due 

the complexity of the immune system and also because, often, animal experiments are 

involved. During the last 4 decades, the number of publications on ACE-I peptides per 

year is roughly the same while for other bioactive peptide activities, an obvious increase 

can be seen; more than half of them were published after 2010 (Fig 1B). For instance, 

in 1979 the heptapeptide YPFPGPI, also named β-CM7, was the first exogenous opioid 

peptide described (11). It was found to exhibit ACE-I activity in 2004 (12) and was shown 

to contribute significantly to mucin production in the gastrointestinal tract  in 2006 (13). 

In 2012, it was identified as having a hypoglycemic effect on diabetic rats by increasing 

the level of plasma insulin (14). 

Future perspectIve

Ap p l y i n g C R I S PR i  f o r  f u t u r e p r o t e o l y t i c  s ys t e m e n g i n e e ri n g

The major genome editing methods in L. lactis are based on RecA-dependent 

homologous double-crossover using non-replicative or conditionally replicating 

plasmids (15, 16). In fact, homologous double-crossover recombination has been used 

in Chapter 2 to make all the clean and stable peptidase knockout mutants. To make a 

gene knockout or gene insertion mutant usually consumes 3 weeks. The marker free 

strain obtained can then be used in next rounds of mutation so that multiple genes can 

be edited sequentially. To do this, multiple time slots are required. As shown in Chapter 

2, the presence/absence of certain (groups of) peptidases might liberate interesting 

bioactivities from the β-casein molecule as is the case, for instance, for the mutants L. 

lactis MGΔpepOF2O2 and MGΔpepNXOTCF2O2. However, specific mutations might also 

affect certain (essential) processes in such a way that the intracellular peptide pool is 

even poorer than in the wild type, as was observed in this study for the mutants L. lactis 
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MGΔpepXPQ and MGΔpepVDATDB. One would know the results only after having spent 

a lot of time making and analyzing the specific mutants. Being able to apply CRISPRi 

for inhibiting certain groups of peptidase genes would allow fast and high-throughput 

screening for valuable combinations of peptidase knockdown mutants. 

The NICE system employs L. lactis NZ9000 in which the pepN gene was disrupted to 

insert the nisRK genes (17). Therefore, we started the work presented in this thesis with 

L. lactis MG1363 and placed nisRK into another locus of its genome, peudo10. β-casein 

hydrolysis by L. lactis is initiated by the cell envelope-associated proteinase PrtP after its 

autoproteolytic activation with the aid of PrtM (18). In Chapter 2, these two genes were 

expressed using a plasmid with an erythromycin resistance marker (19), which conflicts 

with the sgRNA expression plasmid. We could use different vectors with different 

antibiotic markers to express prtPM and sgRNAs, respectively, or we could integrate the 

prtPM genes into another locus of the L. lactis genome (e.g., pseudo70) because they 

need to be always there. The sgRNAs should be expressed from an easily manipulatable 

plasmid (e.g., pTLR) since the sgRNA sequences will be frequently changed during the 

course of the work. The dcas9-sfgfp expression cassette could be integrated into the 

pseudo29 locus that was used in Chapter 4. The next step would then be to construct 

sgRNAs-expression vectors with which multiple peptidase genes can be targeted at the 

same time. As detailed in Chapter 4, both in-fusion cloning and golden gate assembly 

methods would be good candidates for fast sgRNA replacements. After an array of 

sgRNAs-expressing plasmids have been prepared, and using the workflow developed 

in Chapter 2, the collection of peptidase knockdown strains could be quickly examined 

for bioactive peptide potential. Of course, an interesting combination of pep mutations 

could subsequently be hardwired by deleting these genes by DCO recombination to 

allow further and stable application.
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Figure 2. Applying CRISPRi in L. lactis for future bioactive-peptide discovery. A) left panel: Three 
genes are inserted into the L. lactis MG1363 genome: nisR and nisK, driven by their own promoter, are 
inserted into the pseudo10 locus; the PnisA-dcas9-sfgfp cassette is inserted into the pseudo29 locus; 
prtP and prtM, driven by their own promoters, are inserted into the pseudo70 locus. Right panel: The 
sgRNAs targeting different peptidase genes (sgRNApep) are expressed in various combinations using a 
pTLR-based plasmid; they are controlled by Pusp45 (20). Replicons p15A and pCT1138 are for replication 
in E. coli and L. lactis, respectively. eryR, erythromycin resistance gene. B) Schematic representation 
of the CRISPRi-inhibited proteolytic system of L. lactis MG1363 derivatives. The figure is an adapted 
version of the combination of Chapter 1, Figure 3 and Chapter 4, Figure 1B. In the absence of nisin, 
sgRNA is expressed but dCas9-sfGFP is not. Consequently, the L. lactis proteolytic system works as 
normal and, after hydrolysis of β-casein by PrtP, the internalized oligopeptides will be degraded 
into free amino acids and/or small peptides. In the presence of nisin, sgRNA(s) and dCas9-sfGFP are 
expressed, dCas9-sfGFP is guided by sgRNA(s) to the target site(s), upon which the transcriptional 
elongation of the targeted peptidase gene(s) is blocked. As a result, certain peptides will stay intact 
and small (bioactive) peptides will accumulate intracellularly.
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中文总结

追本溯源的审视这本博士论文，会发现我们主要是想回答的是这样一个科学问题：我们

能够通过编辑乳酸乳球菌的水解系统来提高其产生生物活性肽的潜力吗？我们的主线

研究（第二章节）即是为了解答此问题而展开。而这个问题中的数个关键词，又为我们衍

生出了几个其它的科学问题：第一，生物活性肽（第一章）：我们对生物活性肽这个概念

了解多少？对于从牛奶中，或说更具体些，对β-酪蛋白中衍生的生物活性肽了解多少？第

二，乳酸乳球菌的水解系统（第三章）：我们对这个系统了解多少？尤其是，我们对这个

系统中的细胞内肽酶了解多少？再具体来说，对于它们在乳酸乳球菌体内的活性以及其

对细胞的生长和肽的水解的影响了解多少？第三，乳酸乳球菌的基因编辑（第四、五章）

：对乳酸乳球菌来说，现有的基因编辑工具是否易于使用？如果不是的话，我们需要开

发新的工具吗？对以上的数个科学问题，我们进行了数年的探索，在本书的第一章，我

们全面回顾了已有的β-酪蛋白衍生的生物活性肽的相关知识以及利用乳酸菌生产这些

肽的潜力；在第二章节，即整个研究的开篇，我们通过基因编辑手段，构建了大量的乳

酸乳球菌胞内肽酶多重突变体的组合，对乳酸乳球菌的水解系统进行改造，并利用这些

突变体水解β-酪蛋白，增加其水解产物中的生物活性肽的数量及种类；在第三章节中，

我们拓宽了对乳酸乳球菌水解系统的知识，证明了二肽酶PepV除了已知的功能外，还作

为细胞内氮代谢和细胞壁合成之间的纽带，在肽聚糖的生物合成中具有重要作用；在第

四章节中，我们为乳酸乳球菌菌开发了基于质粒和基因组的CRISPRi系统，扩大了乳酸乳

球菌的遗传工具箱。当我们研究的基因是必要基因，即难以用传统的同源重组方法敲除

时，我们可以利用此工具快速的抑制此基因的表达，从而使研究得以继续，正如第五章

中我们使用了CRISPRi系统抑制usp45基因的表达。

在第一章中，我们对β-酪蛋白衍生的生物活性肽的功能、乳酸菌在发酵过程中产生生

物活性肽的能力、以及在乳酸菌使用CRISPR/Cas技术的可能性进行了全面的回顾。在

第二章中，我们设计并制备了16个细胞内肽酶的基因敲除质粒，并构建了一系列的单肽

酶和多肽酶敲除的突变体。我们的主要目的有两个：第一，敲除尽可能多的肽酶基因；

第二，敲除来自同一特异性组别的肽酶基因，即敲除所有内肽酶、所有氨基肽酶、所有

二/三肽酶、所有脯氨酸特异性肽酶。前者的原因是，如果一个乳酸乳球菌的突变体，

拥有尽可能少的肽酶基因，那么它就有可能拥有尽可能多的未被水解的肽段，即有更多

的可能性得到更多数量和种类的生物活性肽，但在如果同一组别的肽酶在功能上存在

冗余，那么当我们哪怕敲除了大部分肽酶基因，但各个组别均留有一到两个基因，那么

仍有可能肽段可以被正常的水解为氨基酸，基于此我们有了第二个目标。最终，我们分

别获得了六个突变体，其中两个分别有7个肽酶基因被删除，分别为MGΔpepNXOTCF2O2

和MGΔpepNXOTCVDA，另外四个，则分别删除了上述四个肽酶组中的全部基因，分别为
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MGΔpepOF2O2, MGΔpepXPQ, MGΔpepANCpcp, 和MGΔpepVDATDB。而后，我们开发了一个

用于大规模乳酸乳球菌胞内肽组分析的工作流程，我们将乳酸菌视为水解β-酪蛋白的

工具，将β-酪蛋白分别与乳酸乳球菌的野生型和六个多肽酶突变体混合培养，再对乳酸

菌的胞内肽组进行分析。我们观察到乳酸乳球菌胞内的生物活性肽的积累与胞内肽酶

的组合相关，且内肽酶都被敲除的突变体，其胞内的生物活性肽的数量和种类都有明显

的提高。这项工作表明，通过对乳酸乳球菌的蛋白水解系统进行基因编辑，可以增加生

物活性肽的数量和生物活性的种类。

在构建二/三肽酶突变体MGΔpepVDATDB的过程中，我们发现了一个有趣的现象：二肽酶

突变体MGΔpepV在SMGG生长培养基中过夜不能生长，而且这种现象在敲除其他单个

肽酶是都没有发生。于是在第三章中，我们探讨了这一现象背后的原因：乳酸乳球菌的

蛋白水解系统在其氮代谢中起着至关重要的作用，而二肽酶PepV则在蛋白水解的最后

阶段发挥作用。MGΔpepV的表型（在SMGG中过夜培养后，在显微镜下能观察到细胞裂

解和缺陷表型）揭示了乳酸乳球菌的氮代谢和肽聚糖的生物合成之间的联系。后续实

验证明了这种表型是由丙氨酸的短缺引起的，因为添加丙氨酸可以恢复其生长并恢复

细胞形状的缺陷。此外，菌株MGΔpepV对万古霉素（一种靶向肽聚糖D-Ala-D-Ala末端

的抗生素）的耐药性更强，这也证实了MGΔpepV具有异常的肽聚糖组成。通过反复将

MGΔpepV接入SMGG环境，我们获得了以MGΔpepV为野生型背景的突变体，其生长抑

制和细胞形状缺陷得到缓解。通过基因组测序表明，该菌株相对于其亲本有一个单点

突变，在调控因子codY的基因中。于是我们进行了转录组测序(RNA-seq)来进一步探索

PepV活性、CodY调控和肽聚糖合成之间的联系。

如上所述，为了编辑乳酸乳球菌的水解系统，我们构建了大量的肽酶敲除的突变体。这

些突变体是经由传统的同源重组方法构建的，每个基因的敲除大约耗时三周到一个月，

而多重突变体的构建不能平行进行，而是需要一个接一个的进行基因敲除，这也使得耗

时成倍增加，而在获得突变体之前，我们并不能够预知此突变体在水解β-酪蛋白时是否

能带来更多的生物活性肽。如果能在较短的时间内敲除或抑制多个肽酶，那么我们就

可以利用第二章开发的肽组学工作流来测试和进一步研究更多的组合。于是在第四章

中，我们构建了乳酸乳球菌平台上的CRISPRi系统。我们使用nisin诱导的启动子PnisA来驱

动dCas9，用常量表达的启动子Pusp45启动子来驱动sgRNA，使用In-fsuion和Golden gate 

assembly这两种克隆方法对sgRNA中标靶目的基因的20bp进行快速替换。在乳酸乳球

菌中有许多能影响细菌表型的基因，我们挑选了其中三个作为测试CRISPRi系统的示例：

参与细胞自溶的acmA基因，参与细胞分裂的ftsZ基因，以及参与细胞伸长的pbp2b基

因。当使用我们开发的CRIPSRi分别抑制上述基因表达时，我们观察到了相应的表型，即

acmA/ftsZ的抑制系有大量长链细胞出现，而pbp2b的靶细胞则出现球形表型。此外，我
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们还发现，当我们使用pNZ8048质粒作为dcas9的载体时，即使不加入nisin，也能够观察

到相应的表型，而当我们dcas9整合到基因组上时，则可以避免此现象，这很可能是因为

pNZ8048作为的拷贝数过高，成倍增加了PnisA启动子泄漏的后果。因此，基因组表达的

dcas9能得到更严格的nisin诱导体系，是比质粒体系更好的选择。在第五章中，我们使用

CRISPRi系统来帮助研究了神秘的Usp45的功能。Usp45是乳酸乳球菌的主要分泌蛋白，

而usp45基因不能通过双交叉重组删除，因此该基因很可能是一个必需基因，我们使用

CRISPRi来抑制usp45基因的表达。通过研究抑制和过表达usp45基因对乳酸乳球菌的生

长、表型和细胞分裂的影响，我们证明了usp45基因对乳酸乳球菌细胞的正常分裂至关

重要，该蛋白可能通过作为一种肽聚糖水解酶来介导细胞分离。

第6章总结和讨论了本论文所述工作的最重要的发现和未来的展望。
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Het doel van dit proefschrift was om één vraag in het bijzonder te beantwoorden: 

kan men de hoeveelheid of de diversiteit (of beide) van bioactieve peptiden in melk 

verhogen door het proteolytische systeem van Lactococcus lactis te moduleren? De 

hoofdonderzoekslijn heeft die vraag onderzocht. Bovendien worden drie kwesties 

die voortkomen uit deze hoofdvraag afzonderlijk behandeld in dit proefschrift: (i) 

bioactieve peptiden: hoeveel weten we over bioactieve peptiden die zich in melk 

bevinden en, meer specifiek, over bèta-caseïne? (ii) het modificeren van L. lactis: welke 

tools zijn er en zijn ze goed genoeg, of kunnen we nieuwe / betere ontwikkelen; (iii) 

3. Het proteolytische systeem van L. lactis: wat weten we over dit systeem en, vooral, 

wat weten we over de in vivo (complementerende) activiteiten van de peptidasen met 

betrekking tot celgroei en peptideafbraak. Hoofdstuk 1 geeft een uitgebreid overzicht 

van de kennis over bioactieve peptiden afkomstig van β-caseïne en de mogelijkheid om 

melkzuurbacteriën te gebruiken om dergelijke peptiden te produceren; In Hoofdstuk 

2, het eerste hoofdstuk van dit proefschrift, hebben we het proteolytische systeem 

van L. lactis aangepast door een grote verzameling van verschillende combinaties van 

peptidase mutanten te maken, en die mutanten te gebruiken om de hoeveelheid en 

diversiteit van bioactieve peptiden afgeleid van β-caseïne te vergroten; In Hoofdstuk 3 

verbreden we de kennis over het proteolytische systeem van L. lactis, en bewijzen we dat 

de dipeptidase PepV een belangrijke rol speelt in de biosynthese van peptidoglycaan 

door te fungeren als link tussen stikstofmetabolisme en celwandsynthese. In 

Hoofdstuk 4 breiden we de genetische toolbox voor L. lactis uit door plasmide- en 

genoom-gebaseerde CRISPRi-systemen te ontwikkelen die het mogelijk maken om 

snel biologische routes aan te passen of essentiële genen te karakteriseren, zoals werd 

onderzocht in Hoofdstuk 5.

In Hoofdstuk 1 geven we een uitgebreid overzicht van de functionaliteit van bioactieve 

peptiden afkomstig van β-caseïne van de koe, het vermogen van melkzuurbacteriën om 

bioactieve peptiden te produceren tijdens het fermentatieproces, en de mogelijkheid om 

CRISPR / Cas-gebaseerde technologie in te zetten voor modificatie van het genoom van 

melkzuurbacteriën. In Hoofdstuk 2 hebben we een gen knock-out plasmide bibliotheek 

ontworpen en gemaakt voor 16 intracellulaire peptidasen en een verscheidenheid aan 

enkele en meervoudige knock-out mutanten gemaakt. De twee belangrijkste doelen 

waren: A) zoveel mogelijk peptidase genen uitschakelen; B) om peptidasen uit dezelfde 
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specificiteitsgroep uit te schakelen, d.w.z. alle endopeptidasen, aminopeptidasen, 

di- / tripeptidasen of alle proline-specifieke peptidasen. Uiteindelijk hebben we twee 

peptidase mutanten verkregen waarin zeven peptidase genen zijn verwijderd en vier 

mutanten waarin alle genen van een van de bovengenoemde peptidase groepen 

zijn verwijderd. Vervolgens hebben we een analytische pijplijn ontwikkeld voor 

grootschalige intracellulaire peptidomics van L. lactis . De zes meervoudige peptidase 

mutanten die we verkregen, werden met behulp van deze pijplijn onderzocht en er 

werd een stamafhankelijke accumulatie van bioactieve peptiden waargenomen. Dit 

werk suggereert dat zowel het aantal verschillende bioactieve peptiden als de diversiteit 

aan bioactiviteit kan worden verhoogd door het proteolytische systeem van L. lactis 

genetisch te veranderen.

Bij het maken van de di- / tripeptidase mutant werd een interessante observatie gedaan: 

de dipeptidase mutant MGΔpepV groeit niet in SMGG groeimedium gedurende incubatie 

overnacht. In hoofdstuk 3 hebben we de reden achter dit fenomeen onderzocht. Het 

proteolytische systeem speelt een vitale rol in het stikstof metabolisme van L. lactis, 

waarbij de dipeptidase PepV een rol speelt in de laatste stadia van proteolyse. Een 

verband tussen het stikstofmetabolisme en de biosynthese van peptidoglycaan (PG) 

werd aan het licht gebracht door het fenotype van MGΔpepV (het uiteenvallen van cellen 

en vormdefecten wanneer deze gedurende de nacht in SMGG werd gekweekt). Dit 

fenotype bleek te worden veroorzaakt door een tekort aan alanine, omdat het toevoegen 

van alanine de groei kan redden en de defecten in celvorm kan herstellen. Bovendien is 

stam MGΔpepV meer resistent tegen vancomycine, een antibioticum dat zich richt op PG 

D-Ala-D-Ala-uiteinden, wat bevestigde dat MGΔpepV een abnormale PG samenstelling 

heeft. Een mutant van MGΔpepV werd verkregen die geen vertraging in groei en geen 

defecten in celvorm toonde. Door analyse van het genoom werd aangetoond dat 

de stam een enkele puntmutatie heeft, in het gen voor de hoofdregulator CodY, ten 

opzichte van de ouderlijke stam. Transcriptoom analyse (RNA-seq) werd gebruikt om de 

verbanden tussen PepV activiteit, CodY regulatie en PG synthese in L. lactis te ontrafelen.

Zoals hierboven vermeld, hebben we verschillende meervoudige peptidase knock-out 

mutanten geconstrueerd. We gebruikten de traditionele methode die uitgaat van 

homologe recombinatie en dubbele ‘crossover’, die behoorlijk arbeidsintensief en 

tijdrovend is. Als meerdere peptidasen in een korter tijdsbestek uitgeschakeld of 

gedereguleerd kunnen worden, kunnen er meer combinaties van verminderde peptidase 
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activiteit getest en verder onderzocht worden door de peptidomics pijplijn die we 

hebben ontwikkeld. Daarom hebben we in Hoofdstuk 4 zowel een chromosoom-geba-

seerde als een plasmide-gebaseerde CRISPR-interferentieplatform opgesteld, die nuttig 

zal zijn voor toekomstige aanpassingen van het genoom van L. lactis. We gebruikten het 

NICE-systeem om de expressie van dCas9 te stimuleren en de constitutieve Lactococcus 

promotor Pusp45 om de productie van verschillende sgRNAs te reguleren. Zowel 

‘in-fusion’ klonering als ‘golden gate-assembly’ methoden kunnen worden gebruikt 

voor snelle vervanging van de sgRNA sequentie van 20 basenparen in de vector. We 

hebben sgRNA sequenties ontworpen voor genen die betrokken zijn bij autolyse in L. 

lactis (acmA), celdeling (ftsZ) of verlenging van de celwand (pbp2b). We observeerden alle 

bijbehorende fenotypes (lange ketens die ook worden gezien in deletiemutanten van 

acmA / ftsZ, en bolvormige vormen voor pbp2b mutanten). In Hoofdstuk 5 hebben we 

het CRISPRi-systeem gebruikt om de functie van Usp45, het belangrijkste uitgescheiden 

eiwit van L. lactis, te bestuderen. Het usp45 gen kan niet worden verwijderd via dubbele 

crossover recombinatie, aangezien het gen blijkbaar essentieel is. We gebruikten 

CRISPRi om de expressie van usp45 geleidelijk te verlagen. Door het effect van verlaagde 

of verhoogde expressie van usp45 op de groei, het fenotype en de celdeling van L. lactis 

te onderzoeken hebben we aangetoond dat Usp45 cruciaal is voor een goede celdeling. 

Het eiwit bemiddelt in de scheiding van cellen, waarschijnlijk door te werken als een 

peptidoglycaan hydrolase.

Hoofdstuk 6 vat de belangrijkste bevindingen en toekomstperspectieven van het werk 

beschreven in dit proefschrift samen en bediscussieerd deze.
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