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Abstract: Membrane proteins play key roles in most crucial cellular processes ranging from cell to 9 

cell communication to signaling processes. Despite recent improvements, the expression of func- 10 

tionally folded membrane proteins in sufficient amounts for functional and structural characteriza- 11 

tion remains a challenge. Indeed, it is still difficult to predict whether a protein can be overproduced 12 

in a functional state in some expression system(s), though studies of high throughput screens have 13 

issued in recent years. Prokaryotic expression systems present several advantages over eukaryotic 14 

ones. Among them, Lactococcus lactis (L. lactis) has emerged in the last two decades as a good alter- 15 

native expression system to E. coli. The purpose of this chapter is to describe L. lactis and its tightly 16 

inducible system, NICE, for the effective expression of membrane proteins from both prokaryotic 17 

and eukaryotic origins.  18 
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 20 

1. Introduction 21 

Membrane proteins (MPs), key proteins in cell physiology and drug targets, are en- 22 

coded by one third of the human genome [1-2]. MPs have different features: i) they form 23 

various topologies from peripheral to intrinsic polytopic proteins with a high number of 24 

transmembrane helices, ii) their surface is relatively hydrophobic, iii) detergents are re- 25 

quired for their solubilization from the cell membrane, and they often  need to be recon- 26 

stituted into proteoliposomes for functional studies, iv) they are flexible and unstable, v) 27 

they must be targeted to membrane for a proper folding, vi) they are expressed at very 28 

low levels and/or vii) they are functional in an oligomeric state [3-4]. In order to increase 29 

and deepen our knowledge, in particular for pharmaceutical objectives, there is an in- 30 

creasing need for structural and functional studies [5]. During the last 7 years, the number 31 

of unique 3D structures of MPs increased from 400 to 1348 (https://blanco.bio- 32 

mol.uci.edu/mpstruc/), which is still far away from the 75000 structures available for sol- 33 

uble proteins. The reason why the number of 3D structures is still so low is linked to the 34 

difficulty to obtain sufficient amounts of functionally folded MPs. Functional and struc- 35 

tural studies require high amounts of proteins. Therefore, the low concentration of MPs 36 

in cells highlights the need for heterologous expression systems. There are different types 37 

of expression systems such as cell-free systems [6], prokaryotic systems (E. coli and L. lac- 38 

tis) and eukaryotic expression systems (yeasts, plants, mammalian or insect cells). All of 39 

them have advantages and drawbacks [3-4,7]. Bacteria are the most used systems for the 40 

expression of recombinant proteins, including MPs and the first hosts used prior to the 41 

other expression systems listed above, because they are easy to handle and inexpensive 42 

compared to eukaryotic systems. Furthermore, a wide range of genetic methods and vec- 43 

tor systems are well established. Among them, E. coli can be considered as the traditional 44 

and oldest bacterial gene expression system, which has been developed for many years 45 
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and a wide variety of plasmids and host strains are available. In most cases, induction of 46 

gene expression is based on IPTG (IsoPropyl β-D-1-ThioGalactopyranoside) [8-9]. How- 47 

ever, the yield of functional MPs is often unsatisfactory, which is generally due to the 48 

formation of inclusion bodies, the production of endotoxins and proteases by the bacteria, 49 

and/or the high translation rate [9-10]. In the last twenty years, another bacterium 50 

emerged as a good alternative to E. coli for the expression of MPs, i.e. Lactococcus lactis. 51 

2. Lactococcus lactis 52 

 Lactococcus lactis, a Gram positive bacterium, has emerged at the beginning of the 53 

twenty first century as a good alternative for the functional expression of prokaryotic and 54 

eukaryotic MPs [7,11-12]. This bacterium grows at 30°C with a doubling time of 35 to 60 55 

min and grows with a fermentative or respiration type of metabolism [13]. Although 56 

largely used in the food industry for the production of fermented foods, its potential as a 57 

host for the overexpression of homologous and heterologous proteins has also been ex- 58 

plored [14-16]. L. lactis is easy and inexpensive to grow, a large variety of genetic methods 59 

and vector systems are available and well developed. Therefore, L. lactis is an interesting 60 

alternative gene expression host, especially for eukaryotic MPs, because of its moderate 61 

proteolytic activity, the absence of inclusion body formation and of endotoxin production, 62 

and the efficient targeting of the MPs into a single glycolipid cytoplasmic membrane 63 

[11,17-18]. Moreover, this bacterium allows to perform functional studies directly with 64 

intact cells and membrane vesicles [11,19].  65 

L. lactis has a genome of half the size of that of E. coli and may lack specific chaperone 66 

systems and other auxiliary factors which could be necessary for targeting and correct 67 

folding of particular MPs [11]. Its codon usage is an approximative 65% biased for AT 68 

base pairs. Therefore the gene encoding the protein of interest needs to be optimized for 69 

the codon usage in L. lactis [19]. One difficulty of working with L. lactis is in the cloning 70 

efficiency [20]. Therefore, in order to facilitate and obtain a larger number of recombinant 71 

clones, different strategies have been developed in the last years in addition to the classical 72 

one (see below).  73 

The expression of heterologous proteins in L. lactis has been facilitated by the ad- 74 

vances in genetic knowledge and new developments in molecular biology techniques. Us- 75 

ing these tools, various vectors containing either constitutive or inducible promoters have 76 

been developed to obtain increased levels of proteins and to control their production. 77 

They currently constitute the basis of all expression systems in L. lactis and other lactic 78 

acid bacteria [21]. Among the various expression systems, the NICE system represents the 79 

most used system for soluble and particularly MPs in L. lactis [22]. Moreover, different 80 

strains were optimized for MP expression (see below). 81 

2.1. NICE system 82 

The tightly regulated NICE (NIsin Controlled gene Expression) system is the most 83 

broadly and commonly used gene expression system in L. lactis [16,19]. This promising 84 

and effective expression system was developed for lactic acid bacteria and is based on 85 

genes involved in the biosynthesis and regulation of the antimicrobial peptide, nisin 86 

(product of the nisA gene). This 34-amino acid bacteriocin produced by several strains of 87 

L. lactis [22] can also be used as a natural food preservative [23]. The genes of the two- 88 

component signal transduction system nisK and nisR from the nisin gene cluster were 89 

inserted into the chromosome of L. lactis subsp. cremoris MG1363 (nisin-negative)[24], 90 

creating the strain NZ9000 [25-26]. When a gene of interest is subsequently placed behind 91 

the inducible promoter PnisA in a plasmid [27], expression of that gene can be induced by 92 

the addition of sub-inhibitory amounts of nisin (0.1-5 ng/ml) to the culture medium [28] 93 

(Figure 1), either obtained commercially or by adding the supernatant from the NZ9700 94 

nisin secreting lactococcal strain. In order to obtain higher yields the growth medium, 95 

fermentation conditions and nisin induction have been optimized [14]. 96 
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 97 
Figure 1: NIsin Controlled gene Expression (NICE) system in L. lactis. After detection of nisin 98 

by the membrane-located sensor protein (NisK), this histidine protein kinase autophosphorylates 99 

and transfers its phosphate group to activate the cytoplasmic response regulator NisR. Activated 100 

NisR subsequently induces transcription controlled by the PnisA promoter. Depending on the pres- 101 

ence or absence of the corresponding targeting signals, the protein is either expressed into the cyto- 102 

plasm or the membrane, or secreted into the external medium. B. chr: bacterial chromosome. 103 

Adapted from [12,21]. 104 

 105 

Well-characterized and highly versatile, the NICE system has been widely used for 106 

the over-expression and for subsequent functional and structural studies of homologous 107 

and heterologous MPs [12]. Moreover, it has been used for other purposes such as phar- 108 

maceutical, medical, bio-technology and food-technology applications [15-16,29]. Re- 109 

cently, the NICE system has been combined with the ZIREX system allowing the expres- 110 

sion of different proteins at different times during the growth cycle [30]. 111 

  112 

2.2. Strains 113 

Different L. lactis host strains derived from L. lactis subsp. cremoris MG1363 can be 114 

used for expression of cDNAs with the NICE system (Table 1, [24]). The most commonly 115 

used host strain for MP expression is the strain NZ9000. The nisin-producing strain 116 

NZ9700 [24] has been obtained by conjugation of the nisin-sucrose transposon Tn5276 of 117 

the nisin-A-producer NIZO B8 with MG1464, a rifampicin- and streptomycin-resistant de- 118 

rivative of MG1363 [30]. Since expression of MPs in L. lactis encounter difficulties due to 119 

low expression yields, different strategies have been developed to enhance their produc- 120 

tion. These strategies are either based on the introduction of a N-terminal fusion protein 121 

[31], mutations in the NisK ATPase domain of the sensor kinase (R406C) resulting in the 122 

DML1 strain [32], inactivation of the unique protease HtrA [33], selection of a strain ena- 123 

bling a higher plasmid stability (M4; [34]) or the overexpression of the cell envelope stress 124 

sensor/regulator CesSR [35].   125 

 126 

Table 1: Bacterial strains and plasmids commonly used for the NICE system for overexpression of 127 

MPs. nisA, nisRK, genes of the nisin operon; RifR, StrpR and CmR: resistance to rifampicine, strep- 128 

tomycine and chloramphenicol, respectively. 129 

 130 

 131 

 132 

 133 
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  Characteristics References   

Strains 

L. lactis NZ9700 Progeny of the conjugation between nisin producer strain 

NIZO B8 and MG1614 (RifR StrpR derivative of MG1363). 

Nisin producer strain for nisin induced gene expression  

[11,25,36] 

 

NZ9800 Derivative of NZ9700 with deletion of 4 bp in nisA gene. No   

nisin production but nisRK transcribed. Host of the NICE sys-

tem.  

[25,36] 

NZ9000 MG1363 strain with nisRK integrated into pepN gene. Most  

commonly used host for NICE system.  

[25] 

NZ9100 MG1363 strain with nisR and nisK integrated in a neutral lo-

cus. Standard host strain for nisin regulated gene expression 

(NICE®). 

Mobitec Molecular 

Biotechnology 

DML1 NZ9000 strain transformed with pNZ-X-GFP-EmrC and se-

lected by increased concentration of erythromycin  

[32] 

 

Plasmids 

pNZ8048   NcoI site used for translational fusions, CmR [25] 

pNZ8148   pNZ8048 with deletion of 60 bp DNA from B. subtilis, CmR [19] 

pNZ8149 

 

pNZ8048; lacF for food grade selection for growth on lactose; 

nisA promoter followed by an NcoI site for translational fu-

sions at the ATG.  

Mobitec Molecular 

Biotechnology 

pNZ8150   pNZ8148 with ScaI site used for translational fusions, CmR [19] 

pNZ8151  pNZ8148 with ScaI site used for translational fusions, lacF Mobitec Molecular 

Biotechnology 

pNZ8152  pNZ8148 with ScaI site used for translational fusions, alr gene 

for food grade selection 

Mobitec Molecular 

Biotechnology 

  135 

2.3. Cloning 136 

2.3.1. Classical cloning  137 

The cDNA or gene encoding the MP of interest is cloned into the appropriate expres- 138 

sion plasmid , i.e. pNZ8048 or its derivatives (Table 1). These plasmids are based on the 139 

pSH71 replicon carrying the chloramphenicol resistance gene [27]. Plasmid pNZ8048 is 140 

the most commonly used plasmid for translational fusions. Genes of interest are directly 141 

fused to the NcoI site, which contains the ATG start codon directly downstream of the 142 

PnisA promoter. Different variants of pNZ8048 have been constructed. pNZ8148 is a 143 

shorter version of pNZ8048 with a deletion of a 60 bp heterologous DNA fragment from 144 

Bacillus subtilis, the initial cloning host of the pSH plasmid series [37]. pNZ8150 possesses 145 

a ScaI site directly upstream of the ATG start codon and therefore avoids the obligate use 146 

of the NcoI site. In this way, it is no longer necessary to change the second amino acid of a 147 

protein if that codon does not conform with the sequence of the NcoI site. Other plasmids 148 

and strains are available and can be used for other purposes [19,29; Mobitec Molecular 149 

Biotechnology]. The unidirectional cloning using classical restriction enzymes allows for 150 

a higher number of recombinant clones after transformation. Nevertheless, the MCS site 151 

is relatively small, containing less than 10 restriction sites and often partial digestions or 152 

mutagenesis is required to obtain the desired constructs 153 

 154 

2.3.2. Other strategies 155 
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In addition to the classical cloning approaches, new strategies were developed to 156 

overcome the problem of low efficiency of gene manipulation in L. lactis and of the insta- 157 

bility of L. lactis-E. coli shuttle vectors [38-39], for example: ligation independent cloning 158 

(LIC) and Gateway and other technologies developed by Berlec and collaborators. Fur- 159 

thermore, Geertsma and Poolman developed a generic cloning strategy compatible with 160 

high-throughput manipulations, which is also suitable for other organisms than L. lactis 161 

[40]. This method involves ligation-independent cloning (LIC) in an intermediary E. coli 162 

vector (pRExLIC-geneX), which can rapidly be converted via vector-backbone exchange 163 

(VBEx) into an organism-specific plasmid ready for high-efficiency transformation, as for 164 

instance pNZxLIC-geneX for L. lactis. In both LIC and VBEx procedures, rare restriction 165 

sites (SwaI and SfiI) were used. This strategy allowed successful expression of MPs from 166 

prokaryotic and eukaryotic origins [41-43]. 167 

Other laboratories developed strategies based on the Gateway technology (Invitro- 168 

gen), which are now widely used to simplify the cloning of cDNAs into many different 169 

expression systems from bacteria to eukaryotic systems [44] and for high-throughput ex- 170 

pression screening of integral MPs [45]. Several libraries are currently available in Gate- 171 

way compatible vectors [46]. However, L. lactis plasmids (e.g. pNZ8048 or derivatives) 172 

cannot be converted into Gateway destination vectors. Therefore, a strategy for the preser- 173 

vation of the correct reading frame has then been established for rapid transfer of cDNA 174 

from Gateway entry vectors into L. lactis nisin-inducible vectors [12,47]. This strategy al- 175 

lows the successful expression of MPs from prokaryotic and eukaryotic origins including 176 

proteins which could not be expressed using traditional cloning [7,48]. Only one develop- 177 

ment using an E. coli-L. lactis shuttle vector containing the Gateway cassette was proposed. 178 

These vectors allowed the expression of two lactococcal phages Tuc2009 and TP901-1 [49] 179 

and methyltransferases [50] but not of MPs.   180 

Furthermore, in order to obtain higher number of insert-containing plasmids after 181 

transformation, Berlec and Strukelj [51] have developed a TA-cloning expression plasmid. 182 

A few years later, Berlec developed pNZ vectors for dual expression of proteins, pNZDual 183 

and pNZDualTT and one additional vector for the expression of proteins from 184 

polycistronic RNAs, pNZPolycist [52]. For the combinations tested, expression was higher 185 

using the latter compared to the pNZDual versions. Only one article showed dual expres- 186 

sion of secreted proteins fused to the usp45 secretion signal [53]. This point needs to be 187 

further investigated with different combinations of MPs to verify the impact of such con- 188 

structs on the expression of MPs.     189 

 190 

Once gene cloned within the proper vector, recombinant bacteria could be generated 191 

and used for MP expression through the NICE system.    192 

3. Expression of membrane proteins using the NICE system 193 

In the last twenty years, the NICE system has proved to be highly versatile for the 194 

expression of proteins including MPs using pNZ8048 and its derivatives. Up to now 113 195 

MPs from prokaryotic or eukaryotic origin, with diverse topologies and sizes have been 196 

successfully expressed including 79 in 2014 [12 and the present]. This system also allows 197 

the expression of MPs in their native oligomeric form (homo or heterodimers) [11-12].  198 

 199 

Tables 2, 3 and 4: List of homologous and heterologous prokaryotic and eukaryotic MPs ex- 200 

pressed in L. lactis using the NICE system. Species, size, expression yields and functions are given 201 

for each protein; the classification of MPs has been sorted according to the protein complexity in 202 

term of TM helix numbers. UNIPROT (http://www.uniprot.org/) is used as reference for protein 203 

information in addition to literature. 204 

a Protein sizes are given in kDa and for full proteins, i.e. including the transit peptide for mitochon- 205 

drial and chloroplastic MP (truncated for heterologous expression);  206 

b The number of TM helices listed here has either already been demonstrated or predicted with 207 

software (such as TNHMM or psipred) with the FASTA sequence published in Uniprot. p for pe- 208 

ripheral proteins 209 

http://www.uniprot.org/


Biomolecules 2021, 11, x FOR PEER REVIEW 6 of 23 
 

 

c B. breve (Bifidobacterium breve); B. longum (Bifidobacterium longum); B. melitensis (Brucella melitensis); 210 

B. subtilis (Bacillus subtilis); C. acetobutylicum (Clostridium acetobutylicum); E. coli (Escherichia coli); E. 211 

faecalis (Enterococcus faecalis); H. pylori (Helicobacter pylori); L. brevis (Lactobacillus brevis); L. innocua 212 

(Listeria innocua); L. monocytogenes (Listeria monocytogenes); L. plantarum (Lactobacillus plantarum); Lb; 213 

pentosus (Lactobacillus pentosus); L. salivarius (Lactobacillus salivarius); M. smegmatis (Mycobacterium 214 

smegmatis); R. palustris (Rhodopseudomonas palustris); R. prowazekii (Rickettsia prowazekii); R. sphaeroides 215 

(Rhodobacter sphaeroides); S. agalactiae (Streptococcus agalactiae); S. aureus (Staphylococcus aureus); S. 216 

mutans (Streptococcus mutans); S. pneumoniae (Streptococcus pneumonia); S. thermophilus (Streptococcus 217 

thermophilus); T. maritime (Thermotoga maritima)(Table 3); A. polyphaga (Acanthamoeba polyphaga); A. 218 

thaliana (Arabidopsis thaliana); H. sapiens (Homo sapiens); M. musculus (Mus musculus); N. patriciarum 219 

(Neocallimastix patriciarum); S. cerevisiae (Saccharomyces cerevisiae); S. tuberosum (Solanum tuberosum) 220 

(Table 4). 221 

d The expression yields are given as a percentage of the recombinant protein compared to the total 222 

membrane proteins (TMP) 223 

 224 

Table 2: List of homologous prokaryotic MPs 225 

 226 

Protein Function Size 

(kDa)a 

TM  

helicesb 

Expression 

levelc 

References 

ArcD1 arginine/ornithine antiporter 52.6 13 - [54] 

ArcD2 arginine/ornithine antiporter 54 13 - [54-55] 

BcaP 
branched-chain amino acid per-

mease 
50 12 20% [35] 

BioY biotin transporter 20.5 5 5% [56] 

ChoS 
glycine betaine ABC transporter 

permease 
55.1 5 2% [57] 

CitP citrate sodium symporter 48.6 13 1-2% [58] 

CmbT MFS transporter 50 12 <1% [59] 

DtpT di-/tripeptide transporter 54.8 12 10% [11] 

GlnP ABC transporter 78.5 3 <1%  

[57,60] 

 
GlnQ 

glutamine transport ATP-bin-

ding 
27 8 2-5% 

LmrA ABC efflux pump 65 6 30% [61] 

LmrCD ABC transporter 63+73.7 6+6 5-10% [62] 

LmrP MFS efflux pump 45 12 5% [63-65] 

MleP MFS transporter 46.7 11 1-2% [11] 

MscL 
large-conductance mechano-

sensitive channel 
13.8 2 5-10% [66] 

OppB ABC transporter with OpuC,D,F 35.1 6 <1% 
[11] 

OppC ABC transporter with OpuB,D,F 32.3 6 <1% 

OpuABC ABC transporter with OpuAA 63 8 10% [11,67] 

RibU riboflavin transporter 23 6 5% [68] 

SerP1 serine permease 51.3 12 - 
[69] 

SerP2 DL-alanine permease 51.5 12 - 

ThiT thiamine transporter 20 6 2% [42] 

 227 



Biomolecules 2021, 11, x FOR PEER REVIEW 7 of 23 
 

 

 228 

Table 3: List of heterologous prokaryotic MPs 229 

 230 

Protein Function 
Size 

(kDa)a 

TM  

helicesb 
Organismc 

Expression 

leveld 
References 

abcA ABC transporter 70 6 
B.breve 

1% 
[70] 

abcB ABC transporter 66 6 5-10% 

LanR1 lantibiotic response regulator 24 6 

B. longum 

- 

[71] LanI ABC transporter 32.76 - - 

LanT lantibiotic transporter 80.1 6 - 

BmrA ABC transporter 65.3 6 5-10% [72] 

tlyC1 hemolysin-like protein 11.2 2 - [73] 

Omp16 
peptidoglycan associated lipo-

protein 
18.2 p B. melitensis - [74] 

DctA C4-dicarboxylate transport 45.4 8 B.subtilis 0.5-1% [41] 

CA_C2849 
proline/glycine betaine ABC-type 

transport system, permease 
57.6 6 C. acetobutylicum 2% [57] 

MsbA 
lipid A export ATP-binding/per-

mease 
64.5 6 E. coli 20-30% [75] 

EfrA ABC transporter 56.3 4 
E. faecalis 

- 
[76] 

EfrB ABC transporter 60.54 3 - 

Jhp0757 
putative osmoprotection binding 

protein 
62.6 6 

H. pylori 

1% [57] 

HpaA 
neuraminyllactose-binding he-

magglutinin 
29.1 p 25-30% [77] 

HorA Multidrug transporter 64.2 5 
L. brevis 

30% [78] 

ArcD arginine/ornithine exchangers 51.9 13 - [79] 

Lin0840 ABC transporter 53.2 6 

L. innocua 

<1% 

[57] 

Lin1461 
binding-protein-dependent 

transport system permease 
55.7 6 2% 

Lin2352 ABC transporter 53.4 6 1% 

Lmo1422 
binding-protein-dependent 

transport system permease 
55.7 6 

L. monocytogenes 
1% 

Lmo2250 ABC transporter 53.1 6 2% 

cwaA 
cell wall anchored adhesion asso-

ciated protein 
93.7 2 L. plantarum - [80] 

OppA oligopeptide-binding protein 59.7 p L. salivarius - [81] 

XylP xylose-proton symporter 52.7 12 Lb. pentosus 20% [11] 

Rv1410 MFS transporter 54.7 14 M. smegmatis - [82]  

CYP201A2 cytochrome-mono-oxygenase 49.7 p R. palustris 1.5% [7] 
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TlcA,B,C ATP/ADP translocator 56.8 12 R. prowazekii 5-10% [11] 

NapC cytochrome-electron transfer 25.6 1 R. sphaeroides 0.5% [7] 

BspA 
Gram+ anchoring domain con-

taining protein 
101 1 S. agalactiae - [83] 

SAR1949 
putative extracellular glutamine-

binding protein 
53.1 4 

S. aureus 

1% [57] 

Sav1866 
multidrug export ATP-bind-

ing/permease 
64.8 6 20-25% [84] 

Cnm 
collagen and laminin-binding 

glycoprotein 
58 1 S. mutans - [85] 

PspC choline binding protein 85.24 1 

S. pneumoniae 

 

- [86] 

MreC peptidoglycan synthesis 32 1 1% [7] 

ProWX 
ABC transporter permease-cho-

line transporter 
55.5 6 2-3% 

[57] SP_0453 
AA ABC transporter, AA-bin-

ding protein/permease protein 
57.4 6 <1% 

SP_1241 
AA ABC transporter, AA-bin-

ding protein/permease protein 
78.4 3 <1% 

LacS MFS transporter 56.6 12 S. thermophilus 1-2% [11] 

SfbA/FbaA 
streptococcal fibronectin binding 

protein A  
37.8 1 

Streptococcus 
- 

[87] 

SfbI fibronecting binding protein 67.3 1 - 

TM287/288 ABC transporter 60+60 6+6 T.maritima 0.5-1% [88] 

 231 

Table 4: List of eukaryotic MPs 232 

 233 

Protein Function Size  

(kDa)a 

TM  

helicesb  

Organismc Expression 

leveld 

References 

ATM1 
mitochondrial iron-sulfur cluster 

transporter 
77.5 6 

S. cerevisiae 

 

 

- [89] 

GDT1 
cation exchanger (homologous to 

TMEM) 
30.3 7 - [90] 

CTP1 tricarboxylate transport protein 32.9 6 5% 

[18] 
SAM5 

mitochondrial S-adenosyl 

methionine carrier 
30.9 4 <1% 

Mdl1 
mitochondrial ATP-dependent 

permease 
76 5 <0.1% [91] 

MIR1 
mitochondrial phosphate carrier 

protein 
32.8 6 <1% 

[18] 

DIC1 
mitochondrial dicarboxylate 

transporter 
33 6 10% 
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GGC1 
mitochondrial GTP/GDP carrier 

protein 
33.2 6 4% 

PIC2 
mitochondrial phosphate carrier 

protein 2 
33.5 6 1-2% [92] 

AAC3 
mitochondrial ADP/ATP carrier 

protein 3 
33.7 6 5% [11] 

ODC2 
mitochondrial 2-

oxodicarboxylate carrier 2 
34 6 

 

S. cerevisiae 

 

 

 

 

 

 

 

 

10% 
[18] 

AAC1 
mitochondrial ADP/ATP carrier 

protein 1 
34.1 6 <1% 

ODC1 
mitochondrial 2-

oxodicarboxylate carrier 1 
34.2 6 8% 

AAC2 
mitochondrial ADP/ATP carrier 

protein 2 
34.4 6 <1% 

MPC1/2 mitochondrial pyruvate carrier 15+14.5 2+3 - [93] 

MPC1/2 mitochondrial pyruvate carrier 12.3+14

.3 

2+2 M. musculus <1% [93-94] 

MPC1/2 mitochondrial pyruvate carrier  
12.4+12

.2 
2+3 

A. thaliana 

- [93] 

ceQORH 
quinone oxidoreductase - 

electron transfer 
33.1 p 30% [47] 

LPR1 multi-copper oxidase 60.5 p <0.1% [7] 

PHF phosphate transport regulation 42.4 1 1.5% 

AtHMA1 heavy metal transporter 80.1 6 3% [47] 

AtHMA3 heavy metal transporter 81.4 8 1% 

AtHMA6 heavy metal transporter 100 8 3% 

AtHMA4 heavy metal transporter 126.7 8 0.75% [7] 

NTT1 chloroplast ADP/ATP transporter 57.5 12 0.2% [47] 

NRT1 

(NPF2.3) 
nitrate excretion transporter 61 12 - [95] 

ATM3 

(ABCB25) 
mitochondrial ABC transporter  80 7 A. thaliana - [89] 

AAC hyd hydrogenosomal carrier 33.9 6 N. patriciarum <1% [11] 

SUT1 sucrose transporter 54.8 12 S. tuberosum 1-2% [96]  

L276 mitochondrial carrier like 27.3 6 A. polyphaga 5% [97] 

Bcl-Xl apoptosis regulation 24.7 1 

H. sapiens 

 

1% [7] 

CYP3A4 cytochrome-mono-oxygenase 57.4 1 5% [48] 

MGST1 
microsomal glutathione S-

transferase 1 
17.6 4 3% 

ABCG2 breast cancer resistance protein 72 6 0.5-1% [98] 
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Erd2 KDEL receptor 24.4 7 <0.1% [11] 

CXCR4 chemokine receptor type 4 37.9 7 <0.1% [7] 

CCR5 chemokine receptor type 5 38.7 7 <0.1% 

PS1Δ9 
human alpha secretase 

component 
55 9 

H. sapiens 

 

0.1-0.2% [97] 

CFTR 
cystic fibrosis transmembrane 

conductance regulator 
168 12 <0.1% [43] 

TMEM165 cation transporter 34.9 6 - [99] 

AAC1 mitochondrial ADP/ATP carrier 

protein 1 

34 6 0.5-1% [100-102] 

ANT2 

(AAC2) 

mitochondrial ADP/ATP carrier 

protein 2 
32.8 6 - [101]  

ANT3 

(AAC3) 

mitochondrial ADP/ATP carrier 

protein 3 
32.8 6 - [101]  

SLC25A3 
mitochondrial pyruvate carrier 

(homologous to PIC) 
40.1 6 - [103] 

 234 

 235 

Tables 2, 3 and 4 display respectively non-exhaustive lists of prokaryotic MPs (ho- 236 

mologous or heterologous expression) and of eukaryotic MPs expressed in L. lactis with 237 

the NICE system. They include studies of functionally active proteins in which expression 238 

yields were not determined. The tables do not display, for some proteins, the percentage 239 

of expressed proteins when not available, and of functional proteins out of the proteins 240 

expressed; indeed, this information is seldom reported since such a ratio is difficult to 241 

measure and necessitates isolating native proteins as controls. L. lactis MPs represent 20% 242 

of total MPs expressed, prokaryotic MPs 40% and eukaryotic 40% respectively; among the 243 

latter, each origin (yeast, plant and human) represents one-third (Figure 2).  244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

Figure 2: Comparison of MPs expressed in L. lactis using the NICE system depending on their 254 

origin: L. lactis, other bacteria or eukaryotic cells  255 

 256 

The membrane proteins listed in Tables 2, 3 and 4 can be plotted as a function of the 257 

number of their TM helices and their molecular size. As shown in Figure 3, a large number 258 

of MPs have sizes below 100 kDa with many MPs having either 6 or 12 TM helices, what- 259 

ever they are prokaryotic, from L. lactis or other bacteria or are of eukaryotic origin (Fig- 260 

ures 3 and 4), highlighting the two large families of proteins expressed (ABC and mito- 261 

chondrial transporters).  262 

 263 

L. lactis

Other bacteria

Yeasts

Plants

Mammals
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 279 

Figure 3: Influence and relationship between origin on MPs expressed in L. lactis. 280 

 281 

 282 
 283 

Figure 4: Influence of TM number on expression of MPs expressed in L. lactis. a. On expression 284 

of MPs from L. lactis. b. On expression of MPs from other bacteria. c. On expression of eukaryotic 285 

MPs. 286 

3.1. Prokaryotic MPs 287 

Tables 2 and 3 report the successful expressions of 23 homologous and 43 heterolo- 288 

gous MPs using the NICE system. Expression yields of prokaryotic MPs were the highest 289 

obtained of all reviewed MPs with up to 30% of total MPs (TMP) by heterologous (HorA 290 

and MsbA) and homologous (LmrA) expression. The expressed MPs possess up to 13 TM 291 

helices and, even with such a high TM helix content, they were produced with expression 292 

yields up to 20% TMP (BcaP and XylP). Most homologous MP expression studies have 293 

been focused on proteins belonging to the families of amino acid and ABC (ATP-Binding 294 

Cassette) transporters, probably related to the specialization of the laboratories working 295 

with this system. In addition to the above-mentioned amino acid and ABC transporters, 296 

other heterologous MPs have been expressed, belonging to diverse families such as cyto- 297 

chrome, permease and binding proteins (Table 3). The relatively high expression yields 298 

obtained with heterologous prokaryotic MPs could be explained by the fact that the codon 299 

usage is compatible with AT-rich codon bias of L. lactis [104]. L. lactis also allowed the 300 

expression of a MP with 14 TM domains, like the MFS transporter called Rv1410 (Table 3; 301 

[82]).  302 

3.2. Eukaryotic MPs 303 

Expression of eukaryotic MPs in L. lactis were initiated and first reported in 2003 by 304 

Kunji and collaborators with the expression of mitochondrial carriers from yeast [11]. 305 

Since then, several other eukaryotic MPs from yeast, plants and humans have been ex- 306 

pressed, with levels from 0.1 to 10% of TMPs (Table 4), mainly from the mitochondrial 307 

carrier superfamily but also from other families. Only one MP from protozoa (A. 308 

polyphaga; Table 4; [97]) was expressed in L. lactis. 309 

 310 

a b c
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3.2.1.Yeast (S. cerevisiae) 311 

16 MPs from yeast have been successfully expressed in L. lactis. Two main studies on 312 

mitochondrial carriers revealed that all the MPs tested could be expressed with yields 313 

from 0.5 to 10% (Table 4). For some of them, expression yields were even improved by 314 

rational design of the N-terminus (replacing or truncating these regions or by addition of 315 

lactococcal signal peptides) [18]. 316 

 317 

3.2.2.Plants 318 

13 MPs from three plant species, i.e. A. thaliana, S.tuberosum and N. patriciarum, have 319 

been successfully expressed in L. lactis. They belong to different families, as for instance 320 

an oxidase and various transport proteins (heavy metal, ATP/ADP or sucrose) and their 321 

topologies span from peripheral to intrinsic 12 TM helices (Table 4). The levels of expres- 322 

sion obtained were relatively high, up to 30% (Table 4), without modifications of the se- 323 

quence. These relatively high expression yields allowed performing functional studies to 324 

discover and/or go deeper in the function of the MP expressed. 325 

 326 

3.2.3.Human MPs 327 

As for yeast mitochondrial carriers, human ADP/ATP translocators (AAC1, AAC2 328 

and AAC3) were also expressed in L. lactis. Other human MPs from diverse families and 329 

topologies (1 to 12 TM helices), have been expressed with yields from almost undetectable 330 

(<0.1%) to 1% (Bcl-Xl) (Table 4) including the ABC transporter, CFTR with a very high TM 331 

helix number (12 helices) and size (168 kDa) expressed at very low levels (below 0.1% of 332 

TMP; [43]).  333 

3.3. Comparison of expression yields between E. coli and L. lactis 334 

The expression yields obtained for expression of MPs in L. lactis are generally lower 335 

than those obtained for overexpression of same MPs in E. coli [7,12,57]. In some cases, 336 

expression in L. lactis allowed a higher expression or the expression of proteins produced 337 

usually in inclusion bodies in E. coli. For proteins produced with both bacterial expression 338 

systems, yields were almost 10 times lower after expression in L. lactis compared to E. coli 339 

[12]. The reason for this difference could be a limitation of amino acid import, especially 340 

for branched amino acids. This problem could be overcome by supplying the cells with 341 

an alternative path, such as a medium containing the appropriate dipeptides or by engi- 342 

neering the transport capacity for branched-chain amino acids [105]. Other strategies have 343 

been implemented using optimization of functional expression, i.e. control of transcrip- 344 

tion rate, nutrient availability in richer medium, gene optimization and/or fusion tags [57].  345 

 346 

All MPs listed in Tables 2, 3 and 4 have been expressed in L. lactis and were functional 347 

in this bacterium, which allowed different assays to be performed and to decipher/dis- 348 

cover the function of the MPs in the original organism. 349 

4. Functional expression of MPs 350 

The following section will focus on examples of MPs of either prokaryotic or eukar- 351 

yotic origin belonging to one functional class such as ABC transporters, secondary trans- 352 

porters etc. L. lactis presents three major advantages over E. coli for functional MP expres- 353 

sion: i) it possesses only one membrane; ii) it does not form inclusion bodies and iii) it 354 

expresses proteins in their native oligomeric state. Moreover, the genomes of MG1363 and 355 

NZ9000 are completely sequenced and annotated, allowing the generation of mutated 356 

strains. These functional characterizations could be performed on: i) whole bacteria using 357 

radioactive substrates, ii) membrane vesicles, iii) proteoliposomes after reconstitution 358 

with phospholipids and/or iv) solubilized/purified proteins. All MPs expressed (Tables 2, 359 
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3 and 4) belong to different families: ABC transporters, secondary transporters, MPs orig- 360 

inating from organelle (mitochondria, chloroplast), MCP and other families (Figure 5).  361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 

 379 

 380 

Figure 5: Relationship between function (transporters in red, mitochondrial proteins in green 381 

and other functions in black), size and topology for MPs expressed in L. lactis. 382 

4.1.  ABC transporters 383 

ABC transporters generally consist of four domains, two membrane-embedded do- 384 

mains carrying out substrate recognition and translocation and two hydrophilic nucleo- 385 

tide binding domains (NBDs). They represent one third of MPs expressed in L. lactis (Ta- 386 

bles 2, 3 and 4; Figure 5). Either transport or ATPase activities can be measured with radi- 387 

oactive or non-radioactive compounds on intact cells or detergent-purified protein within 388 

or not proteoliposomes or nanodiscs. In some cases, mutations allowed assigning the role 389 

of certain amino acids to the proper function of the proteins. Studies in intact cells were 390 

facilitated by the availability of strains deleted in LmrACD, the 3 main ABC transporters 391 

present in the L. lactis membrane.  392 

The ABC half-transporter LmrA (65 kDa, 6 TM helices), a well-characterized ABC 393 

transporter from L. lactis was expressed in very high levels (up to 30% of TMP; [61]). The 394 

critical role of a carboxylate group in proton conduction to secondary-active transporters 395 

could be assigned [106]. Additional studies were performed on mutated versions ex- 396 

pressed in L. lactis wild type strains or strains with a deletion of LmrA homologs (LmrCD) 397 

[62]. Different studies based on nuclear magnetic resonance (NMR) and electron spin res- 398 

onance (EPR) spectroscopy allowed deciphering the ATP hydrolysis cycle of the protein, 399 

nucleotide binding and the induction of the ion-motive force [107-110].  400 

The thiamine high affinity ABC transporter, ThiT (20 kDa, 6 TM helices) belonging 401 

to the family of energy coupling factors, has been characterized in L. lactis. The expression 402 

yield in L. lactis was around 1-2% (Table 2; [42]). Mutagenesis studies allowed the deter- 403 

mination of some amino acids interacting with the energizing module, necessary for vita- 404 

min translocation [111]. EPR performed on purified ThiT and molecular dynamic studies 405 

allowed detailed description of the conformational changes of the protein during binding 406 

and coupling with the energizing module [80]. The structure of this protein has been 407 

solved in 2014 [112].   408 

 409 

Moreover, out of the 31 ABC transporters that have been expressed in L. lactis, 19 410 

originated from other bacteria. Among them, the half ABC-transporter MsbA from E. coli 411 

was expressed with a yield slightly lower than that obtained with the homologous expres- 412 

sion of LmrA (20-30%). This homodimeric transporter with 6 TM helices and a molecular 413 
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size of 64 kDa is involved in lipid A export in E. coli [75]. Functional studies have demon- 414 

strated that substrate binding to the MsbA dimer caused NBD dimerization [113-115].  415 

A heterodimeric ABC exporter, TM287/288 from Thermotoga maritima, has also been 416 

expressed in L. lactis [88]. TM287 and TM288 with a molecular size of 60 kDa and 6 TM 417 

helices each, form a functional heterodimer sharing 36% of sequence identity with 418 

LmrCD, a well characterized heterodimeric ABC exporter from L. lactis [62]. Functional 419 

studies allowed to determine that the NBDs only partially separate, remaining in contact 420 

through an interface involving conserved motifs connecting the two ATP hydrolysis sites 421 

[88]. 422 

Finally, some eukaryotic ABC transporters were expressed in L. lactis. Among them, 423 

the well-known CFTR [43] and a plant mitochondrial ABC transporter, ATM3/ABCB25. 424 

Membrane vesicle assays revealed that glutathione (GSH) polysulfides are likely to be the 425 

substrates serving as precursors for iron-sulfur cluster assembly [89].  426 

4.2.  Secondary transporters  427 

Secondary active transporters exploit the electrochemical potential of solutes to shut- 428 

tle specific substrate molecules across biological membranes, usually against their concen- 429 

tration gradient. These proteins are involved in transport of amino acids [116], organic or 430 

inorganic anions, through symport or exchange processes [117]. MPs from the MFS super- 431 

family were successfully expressed in L. lactis in their functional state [116-117]. Whilst 432 

the quantity of protein produced in these studies was not determined, the biological ac- 433 

tivity of the proteins was however detected using substrates specific to the transporters.  434 

4.3.  MPs from organelle  435 

26 MPs out of the 113 possess either a chloroplast or mitochondrial origins (Tables 3 436 

and 4, Figure 5). They are belonging to the families of ADP/ATP carriers (AAC) and of 437 

Mitochondrial Pyruvate Carriers (MPC) in mitochondria and chloroplast but also to other 438 

families in chloroplasts.  439 

 440 

4.3.1.Mitochondrial MPs 441 

AACs represent a large proportion of the MPs with 6 TM domains expressed in L. 442 

lactis (Figures 3 and 4). Firstly, two mitochondrial carriers from S. cerevisiae, CTP1 and 443 

AAC3, have been successfully expressed with yields of 5% and shown to be functionally 444 

active in L. lactis [11]. Subsequently, ten other carriers from S. cerevisiae have been success- 445 

fully expressed with yields ranging from 1 to 10% and activities varying depending on 446 

the substrate and the protein studied [18]. The relatively high expression yields obtained 447 

for these proteins could most probably be linked to the presence of cardiolipin in the mem- 448 

brane of L. lactis (32%; [100]. Indeed, it could be demonstrated that the expression of these 449 

proteins is facilitated and the presence of the appropriate lipids could help to drive the 450 

protein folding to the right conformation. 451 

The human isoforms of ATP/ADP translocators (AAC1, 2 and 3) displaying TM helix 452 

number and size features similar to the mitochondrial carriers of S. cerevisiae were also 453 

studied. AAC1, expressed at 0.5-1% of TMP, was sensitive to the same inhibitors as its 454 

yeast orthologs [100]. Mutants of this MP were shown to be involved in childhood-onset 455 

mild skeletal myopathy [101]. Zhang and collaborators [102] tested and compared the ef- 456 

ficiency of L. lactis versus yeast mitochondria for studying the impact of inhibitors of 457 

AACs on the different isoforms. Their studies revealed that L. lactis shows a higher speci- 458 

ficity in the exchange assay than yeast, it allowed differentiating between direct and indi- 459 

rect inhibitors and it is more reproducible and can be prepared in large quantities.  460 

Among the mitochondrial proteins, the MCPs are remarkable. Indeed, the isoforms 461 

of MCP1 and MCP2 from 3 different species, i.e. the yeast Saccharomyces cerevisiae, Mus 462 

musculus and Arabidopsis thaliana have been expressed under a functional state in their 463 
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heterodimeric form in L. lactis [93-94]. The mouse isoforms were able to transport py- 464 

ruvate across the membrane in intact recombinant bacteria [94]. This uptake was sensitive 465 

to the mitochondrial pyruvate carrier inhibitor UK5099 and to 2-deoxyglucose, which col- 466 

lapses the proton electrochemical gradient. Moreover, artificially increasing the mem- 467 

brane potential by lowering the pH in the buffer from 7.2 to 6.2 significantly increased 468 

pyruvate uptake. Co-expression of mMPC1 and mMPC2 in the membrane of L. lactis was 469 

sufficient to allow the import of pyruvate with properties similar to the mitochondrial 470 

pyruvate carrier [118]. 471 

  472 

4.3.2.Chloroplast MPs  473 

Expression in L. lactis using the NICE system proved to be efficient for functional 474 

expression of several plant MPs involved in different chloroplast metabolic pathways, i.e. 475 

ceQORH, HMA6 and NTT1 proteins from Arabidopsis thaliana.  476 

The peripheral ceQORH protein is interacting with the chloroplast envelope through 477 

electrostatic interactions [119]. While this protein was produced in E. coli in inclusion bod- 478 

ies [119], it was expressed in L. lactis at almost 30% of TMP (Table 4;[47]), a surprisingly 479 

high expression yield and similar to those obtained for homologous prokaryotic MPs  480 

(Tables 2,3 and 4). Functional characterization performed on purified proteins reconsti- 481 

tuted in proteoliposomes revealed that ceQORH has a NADPH dependent dehydrogen- 482 

ase activity and requiries a lipid environment. Moreover, when produced in L. lactis, 483 

ceQORH behaved as the natural chloroplast envelope protein and interacted with the bac- 484 

terial membrane through electrostatic interactions [47].  485 

Other chloroplast MPs such as the P1B-type ATPase family have also successfully 486 

been expressed with yields from 0.7 to 3% of TMP (Table 4; [7,47]). These MPs (6 to 8 TM 487 

helices) translocate ions across plasma or organelle membranes at the expense of ATP 488 

consumption and are involved in the control of metal homeostasis within the cell [120]. 489 

Among the eight P1B-type ATPases encoded by the Arabidopsis genome, four have been 490 

successfully expressed in L. lactis [47]. Biochemical characterizations using phosphoryla- 491 

tion assays were performed using L. lactis membranes expressing HMA6 and these assays 492 

allowed the identification of this protein as a high affinity Cu+ transporter of the chloro- 493 

plast envelope [121].  494 

The NTT1 protein is one of the AAC identified in the chloroplast ; it imports ATP in 495 

exchange with ADP. This transporter has already been functionally characterized after 496 

expression in S. cerevisiae and E. coli [122-123]. Even expressed at a very low yield (0.2% of 497 

TMP), uptake assays of radioactive nucleotides could be performed on intact L. lactis cells 498 

and showed a time dependent uptake of ATP with a rate similar to the one measured in 499 

E. coli cells [47].  500 

 501 

To conclude, L. lactis appears to be an appropriate expression system for functional 502 

characterization of mitochondrial and Arabidopsis MPs, especially for chloroplast MPs. 503 

This can be explained by the fact that the L. lactis membrane contains cardiolipin and gly- 504 

colipids [124], which are both also present in mitochondria and the inner membrane of 505 

chloroplasts [125] in contrast to E. coli membranes [126], which have a different composi- 506 

tion. The importance of the lipid composition of host cells in the overexpression of func- 507 

tional MPs has also already been underlined by other authors [3,127].  508 

4.4. Other families  509 

The first human MP produced in L. lactis was the KDEL receptor, Erd2. This protein 510 

of 7 TM helices is involved in the retrieval of proteins of the endoplasmic reticulum (ER) 511 

at later stages of the secretory pathway. While expressed at a very low level, the protein 512 

could still bind its specific peptide and conserve the pH-dependent activities as in rat 513 

Golgi membranes [11].  514 
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Two MPs involved in human liver detoxification functions have been successfully 515 

expressed in L. lactis: the cytochrome-mono-oxygenase (CYP3A4) and the microsomal 516 

Glutathione S-Transferase 1 (MGST1). Interestingly, both proteins could successfully be 517 

expressed in L. lactis with higher yields than those previously obtained with classical ex- 518 

pression systems (E. coli, S. cerevisiae) at 5 and 3% TMPs, respectively. This was also higher 519 

than results obtained with other eukaryotic membrane proteins expressed in L. lactis [48]. 520 

Expression in L. lactis of MGST1 isoform from Rattus norvegicus was able to exhibit its 521 

GSH-transferase activity somewhat lower than values previously reported for rMGST1 522 

from purified microsomes or after heterologous expression in E. coli. 523 

   524 

As shown in the last two paragraphs about the expression and functional character- 525 

ization MPs in L. lactis, the number of MPs expressed in their functional state is increasing. 526 

Additional information has been obtained through structural analysis of some of the pro- 527 

teins listed above. 528 

5. Structures resolved from MPs expressed in L. lactis 529 

Because of its numerous advantages for MP expression and functional characteriza- 530 

tion, L. lactis is now also a good alternative bacterial expression system to E. coli for struc- 531 

ture determination of MPs of interest. The first structure of a homologous MP expressed 532 

in L. lactis was obtained for OpuAC 10 years ago [128]. Then, the structure of ThiT was 533 

obtained with both the wild-type and a selenomethionine labeled protein. This crystal 534 

structure has been obtained with an expression yield of 2% of TMPs [111,129]. One year 535 

after that, the same group resolved the structure of BioY, another L. lactis MP from the 536 

ECF family involved in biotin transport [56]. Altogether almost 20 structures of MPs have 537 

been resolved in the last ten years after expression in L. lactis using the NICE system, in- 538 

cluding their various conformations and bound to their substrates (Table 5).   539 

 540 

Table 5: Structures obtained after expression in L. lactis 541 

Protein Organism Code  Structure References 

OpuA L. lactis 

7AHH 
OpuA inhibited inward-facing, SBD 

docked 

[130] 7AHC OpuA apo inward-facing 

7AHE OpuA inhibited inward facing 

7AHD OpuA (E190Q) occluded 

PrgL E. faecalis 7AED 
VirB8 domain of PrgL from Enterococcus 

faecalis Pcf10 
[131] 

MhsT A. halodurans 

6YU2 
Crystal structure of MhsT in complex 

with L-isoleucine  

[132] 

6YU3 
Crystal structure of MhsT in complex 

with L-phenylalanine 

6YU4 
Crystal structure of MhsT in complex 

with L-4F-phenylalanine 

6YU5 
Crystal structure of MhsT in complex 

with L-valine 

6YU6 
Crystal structure of MhsT in complex 

with L-leucine 

6YU7 
Crystal structure of MhsT in complex 

with L-tyrosine 

GLNPQ  L. lactis 6FXG 

Crystal structure of substrate binding do-

main 1 (SBD1) OF ABC transporter 

GLNPQ in complex with Asparagine 

[133] 
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 542 

 543 

This opens up the road to the elucidation of other MP structures in the future since 544 

the expression yields obtained for almost all the proteins is close to 1-2% and higher (Ta- 545 

bles 2, 3 and 4). Furthermore, the ability to label the MPs with SelenoMet allows resolving 546 

the diffraction data [135] and the availability of specific protocols developed for this pur- 547 

pose [136].  548 

6. Conclusion 549 

Over the last two decades, Lactococcus lactis emerged and proved to be an alternative 550 

and promising expression system to other bacterial systems. Numerous prokaryotic and 551 

eukaryotic MPs with diverse topologies, origins and functions were successfully ex- 552 

pressed in L. lactis using the tightly regulated NICE system and a yield although lower 553 

than E.coli, still allowing functional and structural characterizations. Finally, twenty crys- 554 

tal structures of MPs after expression in L. lactis have been resolved and opened up the 555 

road to others in the future. This promising cell factory will enrich the knowledge of MPs 556 

in their functional and structural states, and allow further biotechnological and biothera- 557 

peutical applications in a near future.     558 
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