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Stellingen 

1. Het feit dat Phadtare et al. (1999) gegevens van Lactococcus lactis en Lactobacillus plantarum 
combineren tot de koude schok respons van Lactobacillus lactis geeft aan dat niet alle 
wetenschappers de verschillende melkzuurbacterien juist onderscheiden. 

Phadtare, S., Alsina, J., and Inouye, M. 1999. Cold-shock response and cold-shock proteins. Curr. 
Opinion Microbiol. 2:175-180. 

2. De specifieke identificatie van bacterien op basis van de karakterisatie van csp-genen (Francis en 
Stewart, 1997) gaat voorbij aan het feit dat niet alle bacterien csp genen bezitten (o.a. Tomb et al., 
1997; Hazeleger et al, 1998). 

Francis, K. P., and G. S. A. B. Stewart. 1997. Detection and speciation of bacteria through PCR using 
universal major cold-shock protein primer oligomers. J. Ind. Microbiol. Biotechnol. 19:286-293. 
Hazeleger, W. C , J. A. Wouters, F. M. Rombouts, and T. Abee. 1998. Physiological activities of 
Campylobacter jejuni far below the minimal growth temperature. Appl. Environ. Microbiol. 64:3917-3922. 
Tomb, J.-F., O. White, A. R. Kerlavage, R. A. Clayton, G. G. Sutton, R. D. Fleischmann et al. 1997 The 
complete genome sequence of the gastric pathogen Helicobacter pylori. Nature 388:539-547. 

3. In relatie tot de eigenschappen van koude-schok eiwitten kan beter worden gesproken over 
vorstbeschermende eiwitten (freeze-protective proteins) dan over anti-vries eiwitten (anti-freeze 
proteins). 

4. Het is opmerkelijk dat voor de bepaling van de genoomsequentie van Bacillus subtilis gekozen is 
voor een stam die is blootgesteld aan rontgenstraling (Kunst et al., 1997). 

Kunst, F., N. Ogasawara, I. Moszer, A. M. Albertini, G. Alloni, V. Azevedo et al. 1997. The complete 
genome sequence of the Gram-positive bacterium Bacillus subtilis. Nature 390:249-256. 

5. De vooruitgang binnen de moleculaire biologie is in hoge mate afhankelijk van de ontwikkeling 
van de informatietechnologie. 

6. Het focusseren van onderzoek binnen een onderzoeksgroep op een gering aantal onderwerpen of 
organismen verhoogt de efficientie en de impact van dit onderzoek meer dan evenredig. 

7. Naast het onderzoek naar de voedingsstatus van ouderen, zou ook het onderzoek naar de reactie op 
hitte en koude van deze bevolkingsgroep meer aandacht verdienen, gezien het grote aantal 
sterfgevallen tijdens extreem hete en koude perioden van het jaar. 

8. De "Schwalbe" is een essentieel, waardevol en mooi onderdeel van de voetbalsport. 

9. Indien deeltijdwerk leidt tot een verhoogde efficientie, kan beter worden gesproken van 
vermenigvuldigtij dwerk. 

10. De beste methode van studentenwerving voor de Wageningen Universiteit is de aanleg van een 
directe treinverbinding naar de kennisstad Wageningen. 

Stellingen behorende bij het proefschrift 
"Molecular characterization of a family of cold-shock proteins of Lactococcus lactis" 

Jeroen A. Wouters 
Wageningen, Dinsdag 16 mei 2000 



Abstract 

Abstract 

Lactic acid bacteria (LAB) are widely used as starter cultures in fermentation processes. The 
stress response of LAB during different industrial processes, and during low-temperature conditions in 
particular, requires a better understanding. For that reason a research project on the cold adaptation of 
Lactococcus lactis MG1363, a model LAB strain, was initiated. Research focused on the identification 
and characterization of a family of five csp genes, named cspA, cspB, cspC, cspD and cspE, encoding 
highly similar cold-shock proteins (CSPs; 65-85% identity). On the L. lactis MG1363 chromosome 
two tandem groups of csp genes (cspA/cspB and cspC/cspD) were identified, whereas cspE was found 
as a single gene. Transcription analysis showed that cspE is the only non-cold-induced csp gene, 
whereas the other csp genes are induced 10- to 40-fold at different time points after cold shock. The 7-
kDa CSPs, corresponding to the csp genes of L. lactis MG1363, were the highest induced proteins 
upon cold shock to 10°C as was shown by two-dimensional gel electrophoresis. Using the nisin-
inducible expression system CspB, CspD and CspE could be overproduced to high levels. For CspA 
and CspC a limited overproduction was obtained, that could be explained by low stability of cspC 
mRNA and by low stability of CspA. For L. lactis NZ9000AAB (deleted in cspAB) and 
NZ9000AABE (deleted in cspABE) no differences in growth at normal and at low temperature were 
observed, compared to that of the wild-type strain L. lactis NZ9000. The deletion of csp genes was 
compensated by increased expression of the remaining csp genes. These data indicate that the 
expression of csp genes in L. lactis is regulated by a tightly controlled transcription network. 

When L. lactis cells were shocked to 10°C for 4 h the survival to freezing increased 
approximately 100-fold compared to mid-exponential phase cells grown at 30°C. L. lactis cells 
overproducing CspB, CspD or CspE at 30°C show a 2-10 fold increased survival after freezing 
compared to control cells. The adaptive response to freezing conditions by prior exposure to 10°C 
was significantly delayed in strain NZ9000AABE compared to strains NZ9000 and NZ9000AAB. In 
combination, these data indicate that 7-kDa CSPs of L. lactis enhance the survival capacity after 
freezing. CSPs either might have a direct protective effect during freezing, e.g. by RNA stabilization, 
and/or induce other factors involved in the freeze-adaptive response. A group of strongly cold-
induced 7-kDa proteins was also identified for Streptococcus thermophilus and, indeed, enhanced 
production of these proteins coincided with increased survival to freezing of this bacterium. 

Using two-dimensional gel electrophoresis, induction of several (non-7 kDa) cold-induced 
proteins (CIPs) of L. lactis was observed upon overproduction of CSPs. Furthermore, several CTPs 
were no longer cold induced in the asp-deleted strains, which indicates that CSPs might activate the 
expression of certain CIPs. A selection of CIPs of L. lactis was identified and appears to be 
implicated in a variety of cellular processes, e.g. transcriptional and translational control, sugar 
metabolism and signal sensing. Furthermore, it was shown that the maximal glycolytic activity 
measured at 30°C increases (approximately 2.5-fold) upon incubation at 10°C for 2 to 4 h, a process 
for which protein synthesis is required. Based on their cold induction and involvement in cold 
adaptation of glycolysis, it is proposed that the CcpA/HPr control circuit regulates a (unidentified) 
factor involved in the increased glycolytic activity. 

The research described in this thesis contributes to the understanding of the response of 
lactic acid bacteria to low temperatures and might yield applications for dairy industry, especially 
with respect to fermentation performance and the survival of starter bacteria during freezing. 



Outline 

Outline 

Since low temperatures are involved in various steps of production and storage of fermented 
dairy products, there is considerable interest in the activities of starter lactic acid bacteria in 
response to temperatures below their optimum temperature of growth. The aim of the work 
described in this thesis is the characterization of the response to low-temperature conditions of 
lactic acid bacteria, and of the model starter lactic acid bacterium Lactococcus lactis MG1363 in 
particular. Research mainly focussed on the expression of so-called cold-shock proteins (CSPs) and 
their functioning at low temperature in L. lactis MG1363. 

In Chapter 1 an introduction of the role of CSPs in the low-temperature adaptation of food-
related bacteria is given. 

In Chapter 2 a family of five genes encoding CSPs of L. lactis MG1363 is identified and 
characterized. The transcriptional analysis of these genes at normal and at low growth temperatures 
is described. The structural characteristics of the genes and their encoded proteins are discussed. 

Chapter 3 reports the increased survival to freezing of L. lactis MG1363 upon prior 
exposure to 10°C compared to control cells grown at 30°C. Using two-dimensional gel-
electrophoresis the proteins encoded by the previously described csp genes could be identified. It 
was speculated that the CSPs, the highest induced proteins upon exposure to 10°C for 2 to 4 h, play 
a role in cryoprotection. Indeed, L. lactis cells overproducing CspD show a maximally 10-fold 
increased survival to freezing. 

In Chapter 4 a group of strongly cold-induced 7-kDa proteins is identified in the 
thermophilic lactic acid bacterium Streptococcus thermophilus using two-dimensional gel 
electrophoresis. Also for S. thermophilus the survival to freezing increases by prior exposure to low 
temperature, a response for which protein synthesis is required. By using a PCR method a csp gene 
was identified for S. thermophilus. 

In Chapter 5 the physiological and regulatory aspects of the overproduction of the CSPs of 
L. lactis are reported. It was shown that also the overproduction of CspB and CspE increased the 
survival after freezing of L. lactis cells. Furthermore, the overproduction of specific CSPs resulted 
in increased production of certain non-7 kDa cold-induced proteins (CIPs) of L. lactis, suggesting 
that CSPs function as activators of the production of these proteins. 

In Chapter 6 the regulatory and physiological effects of the disruption of csp genes of L. 
lactis MG1363 are described. Deletion of three counterparts of the csp gene family did not result in 
growth defects but did result in a delayed cryoprotective response of this strain. The deletion of csp 
genes resulted in compensatory expression of the remaining csp genes and a tightly controlled 
network of the production of CSPs is proposed. Moreover, in the csp deleted strains the expression 
of CIPs was reduced further indicating the role of CSPs in the production of CIPs. 

Chapter 7 focuses on the effects of low temperature on the glycolytic activity of L. lactis. A 
2.5-fold increase in acidification rate is observed upon pre-exposure to low temperature for several 
hours. It is shown that HPr and CcpA are involved in this reaction and a regulatory role for (the 
complex of) these proteins is discussed. 

In Chapter 8 the findings of this thesis in relation to the role and functioning of the CSPs of 
L. lactis in low-temperature adaptation are integrated and discussed. 
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Chapter 1 

The role of cold-shock proteins in low-temperature adaptation 

of food-related bacteria 

Jeroen A. Wouters1'3, Frank M. Rombouts1, Oscar P. Kuipers2, Willem M. De Vos2'3, and T. Abee 1,3 

'Laboratory of Food Microbiology, Wageningen University, Wageningen, 2Microbial Ingredients 

Section, NIZO food research, Ede, and 3Wageningen Centre for Food Sciences (WCFS), 

Wageningen, The Netherlands. 

ABSTRACT 

There is a considerable interest in the cold adaptation of food-related bacteria, including starter cultures for 

industrial food fermentations, food spoilage bacteria and food-borne pathogens. Mechanisms that permit 

low-temperature growth involve cellular modifications for maintaining membrane fluidity, the uptake or 

synthesis of compatible solutes, the maintenance of the structural integrity of macromolecules and 

macromolecule assemblies, such as ribosomes and other components that affect gene expression. A specific 

cold response that is shared by nearly all food-related bacteria is the induction of the synthesis of so-called 

cold-shock proteins (CSPs), which are small (7 kDa) proteins that are involved in mRNA folding, protein 

synthesis and/or freeze protection. In addition, CSPs are able to bind RNA and it is believed that these 

proteins act as RNA chaperones, thereby reducing the increased secondary folding of RNA at low 

temperatures. In this review established and novel aspects concerning the structure, function and control of 

these CSPs are discussed. A model for bacterial cold adaptation, with a central role for ribosomal 

functioning, and possible mechanisms for low temperature sensing are discussed. 

Submitted for publication 



Chapter 1 

LOW-TEMPERATURE ADAPTATION 

Processing and storage of food products at low temperature is rather common in food 

technology. For that reason, the low-temperature behaviour of food-related bacteria including lactic 

acid bacterium starter cultures, food spoilage bacteria and food-borne pathogens, is an important 

issue. Starter organisms, such as the lactic acid bacteria Lactococcus lactis, Lactobacillus plantarum 

and Streptococcus thermophilus, are widely used for the production of a large variety of foods. These 

organisms are exposed to low temperature during frozen storage, as well as during low-temperature 

fermentation and/or storage of fermented products. In addition, the use of freezing as preservation 

method, the extended use of chilled (convenience) foods, and the increased popularity of fresh or 

minimally processed food all created the need for understanding the cold-adaptation response of 

spoilage micro-organisms and food pathogens, in particular. Due to the increased time intervals 

between production and consumption of food products and the extended use of refrigerators, 

notably the risks of foodborne psychrotrophic pathogens, such as Listeria monocytogenes, Yersinia 

enterocolitica, Bacillus cereus and non-proteolytic Clostridium botulinum increased (Abee and 

Wouters, 1999). Research on cold adaptation of bacteria focuses on the genetic and physiological 

processes involved in low-temperature adaptation (Berry and Foegeding, 1997; Graumann and 

Marahiel, 1998; Yamanaka et ah, 1998). A thorough understanding of the cold-adaptation process can 

be instrumented in optimizing fermentations at low temperature and may offer insight into methods to 

control the growth of spoilage and pathogenic bacteria, which will positively affect the shelf-life and 

safety of refrigerated foods. 

Mechanisms that permit low-temperature growth of micro-organisms include modifications in 

DNA supercoiling, maintaining membrane fluidity, regulating uptake and synthesis of compatible 

solutes, production of cold-shock proteins, modulating mRNA secondary structure and, more 

generally, maintaining the structural integrity of macromolecules and macromolecule assemblies, 

such as ribosomes (see reviews by Russell, 1990; Jaenicke, 1991; Berry and Foegeding, 1997; 

Graumann and Marahiel, 1998). Negative DNA supercoiling of the bacterial nucleoid increases at 

low temperature and this has important consequences for the regulation of transcription (Drlica, 

1992). It has been shown for E. coli that DNA-topoisomerase activity, DNA-gyrase activity and the 

histon-like HU protein have an important role in the process of controlling transcription at low 

temperature (Mizushima et al., 1997). In general, as the growth temperature decreases, an increase 

is observed in the proportion of shorter and/or unsaturated fatty acids in membrane lipids allowing 

an optimal degree in fluidity of the cytoplasmic membrane. One of the most important 

consequences of these membrane lipid changes is the modulation of the activity of intrinsic proteins 

that perform functions such as ion pumping and nutrient uptake (Russell, 1990; Russell and 

Fukanaga, 1990). Compatible solutes, such as betaine, proline and carnitine, play a crucial role in 

osmoprotection and could also be involved in cold adaptation. For different compatible solutes, 
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such as betaine, carnitine, ectoine and mannitol, a protective effect during freeze-drying has been 

reported (Louis et ah, 1994). It was found that growth of L. monocytogenes was stimulated at 7°C 

in the presence of betaine and that these cells transport betaine 15-times faster at 7°C than at 30°C 

(Ko et al, 1994). Evidence is accumulating that there is a functional link between osmoprotection 

and cold adaptation, however, the exact mode of action of compatible solutes in cold adaptation 

remains to be elucidated. 

By using proteomics approaches the rapid induction of specific sets of proteins upon cold 

shock is observed for a variety of bacteria. The number of these so-called cold-induced proteins 

(CIPs) may vary from approximately 18 for Escherichia coli, 12 for L. monocytogenes, 22 for L. 

lactis to 37 for Bacillus subtilis (Jones et al, 1987; Panoff et al, 1994; Bayles et al., 1996; 

Graumann et al., 1996; Chapter 3), whereas the synthesis of the majority of proteins is blocked. The 

E. coli CIPs play a role in various cellular processes and include NusA (involved in both 

termination and anti-termination of transcription), RecA (dual roles in recombination and in the 

SOS response), H-NS and GyrA (both involved in DNA supercoiling), polynucleotide 

phosphorylase (involved in mRNA degradation), CsdA and RbfA (a ribosome associated helicase 

and a ribosome binding factor A which are both important for ribosomal structure)(Jones et al, 

1987; Jones and Inouye, 1994; Jones and Inouye, 1996). For B. subtilis CIPs are described that are 

involved in a variety of cellular processes, such as chemotaxis (CheY), sugar uptake (HPr), 

translation (ribosomal proteins S6 an L7/L12), protein folding (PpiB) and general metabolism 

(CysK, IlvC, Gap and triosephosphate isomerase)(Graumann et al., 1996). Similarly, for L. lactis 

CIPs have been identified that are also involved in the translation process (ribosomal protein L9), 

sugar metabolism (p-PGM, HPr, CcpA), chromosome structuring (histon-like HU-protein) and 

signal transduction (Chapters 6 and 7). 

COLD-SHOCK PROTEINS AND THEIR MODE OF ACTION 

In recent years, research on cold adaptation mainly focussed the specific and high induction 

of a set of low-molecular weight proteins at low temperature: the so-called cold-shock proteins 

(CSPs). These proteins have a size of approximately 7 kDa and share a high degree of sequence 

similarity (>45%) in a variety of Gram-positive and Gram-negative bacteria (Table 1). For most 

bacterial species, families of CSPs consisting of two to nine members have been found. The 

concomitant presence of csp gene families probably resulted from gene duplications within the 

organism. Francis et al. (1997) characterized csp genes in a variety of bacteria by use of a PCR 

method and used this method for the discrimination of bacterial species. However, csp genes are not 

present in all bacteria, e.g. in the complete genomes sequences of Helicobacter pylori (Tomb et al, 

1997), Campylobacter jejuni (Hazeleger et al., 1998) and Mycoplasma genitalium (Graumann and 

Marahiel, 1996) no csp genes were found. For L. lactis, Y. enterocolitica as well as for E. coli a 

3 
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1. Llac = Lactococcus lactis, Lpla = Lactobacillus plantarum, Bsub = Bacillus subtilis, Beer = Bacillus cereus, 
Lmon = Listeria monocytogenes, Sthe = Streptococcus thermophilus, Saur = Staphylococcus aureus, Ecol = 
Escherichia coli, Styp = Salmonella typhimurium, Pfra = Pseudomonas fragi, Yent = Yersinia enterocolitica. 

2. Missing residues are indicated with hyphens. 
3. Total length of CSP in amino acids. 
4. Calculated iso-electric point. 
5. + indicates induction of CSP upon cold shock at mRNA or protein level, 

- indicates no induction of CSP upon cold shock at mRNA or protein level. 
6. Induction of CSP upon exposure to other stresses than cold. Stat = stationary phase induction, UHP = 

induction by Ultra High Pressure treatment, GPD = growth phase dependent expression. 
7. RNP-1 and RNP-2 indicate the conserved RNA binding motifs (boxed). 
8. Typical amino acid residues conserved in CSPs. + indicates the hydrophobic residues that form the 

hydrophobic core in the P-barrel structure of CspA of E. coli. * indicates the aromatic residues located on the 
surface of CspA of E. coli (conserved residues are indicated in bold). 

9. Chapter 2. 
10. Derzelle, S., Hols, P, Delcour, J., personal communication. 
11. Mayo et a!., 1997 
12. Graumann et al, 1996. 
13.Mayrefa/., 1997. 
14. Barnard, F. M., Francis, K. P., Rees, C. E. D., Stewart, G. S. A. B., unpublished data. 
15. Francis, K. P., Rees, C. D., Stewart, G. S. A. B., unpublished data. 
16. Chapter 4. 
17. Varcamonti, M., personal communication. 
18. Francis, K. P., unpublished data. 
19. Yamanaka et ah, 1998. 
20. Jeffries, A. G., Law, R. M., Bej, A. K., unpublished data. 
21. Craig et al., 1998. 
22. Francis and Stewart, unpublished data. 
23. Michel et al., 1995. 
24. Neuhaus et al., 1999. 
25. Pl-|35 indicate the five anti-parallel ^-strands that form a fi-barrel structure with two P-sheets as observed 

for CspA of E. coli and CspB of B. subilis. 

clustered organization of csp genes on the chromosome was observed (Yamanaka et al., 1998; 

Neuhaus et al., 1999; Chapter 2). For L. lactis and Y. enterocolita tandem repeats of two adjacent 

csp genes, separated by an interval of only approximately 300 bp, were observed. The physiological 

or genetic significance of the csp gene duplications and the clustered organization of these genes 

remain to be elucidated. 

The most extensively studied CSPs are CspA of E. coli (CspAE) and CspB of B. subtilis 

(CspBB). The determination of their crystal structures revealed that both proteins consist of five 

antiparallel p-strands which together form a p-barrel structure (Schindelin et al, 1993; Schindelin et 

al., 1994; Newkirk et al., 1994). It was observed that CspAE contains a set of surface exposed 

aromatic amino acids (Wll, F12, F18, F20, F31, F34, Y42 and F53), which appeared to be essential 

for RNA or DNA binding (see below) and a set of hydrophobic residues (V9,121, V30, V32 and 

V51) forming a hydrophobic core of the protein (Newkirk et al., 1994)(Table 1). CSPs contain 

regions highly homologous to the cold-shock domain of eukaryotic DNA-binding proteins, like 

YB1 and FRGY2, that are known to act as transcription factors. Both CspAE and CspBB are able to 

bind specifically to single-stranded DNA containing the Y-box motif (ATTGG) or its 

complementary sequence (Graumann and Marahiel, 1994; Newkirk et al., 1994) thereby regulating 
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gene expression (Jones and Inouye, 1994). For the majority of thus far characterized CSPs the iso

electric point is acidic (Table 1). However, several CSPs have a more basic iso-electric point (8-10), 

a characteristic that might have major consequences on the RNA and DNA-binding characteristics 

of CSPs. Strikingly, it has been shown that CspAE acts as a transcriptional activator of at least two 

genes encoding CIPs, possibly by stabilization of the open complex formation by RNA polymerase. 

Remarkably, these proteins, GyrA (Jones et al., 1992B; Brandi et al, 1994) and H-NS (LaTeana et 

al, 1991), are both involved in DNA supercoiling, which is significantly modified at low 

temperature. Next, heterologous expression of CspBB in E. coli induced a protein pattern that 

strongly resembled that upon cold shock, supporting the function of CspBB as a regulatory protein 

(Graumann and Marahiel, 1997). Upon deletion of csp genes of B. subtilis as well as L. lactis 

changes in protein patterns were observed (Graumann et al, 1996; Chapter 6). Two-dimensional gel 

electrophoresis of cell-free extracts of L. lactis strains carrying deletions in their csp genes or 

specifically overexpressing one of the csp genes, revealed repression or induction of CIPs, 

respectively, indicating that CSPs regulate other proteins involved in cold adaptation. Strikingly, it 

was observed that the different lactococcal CSPs each regulate different CIPs which might provide 

a rational explanation for the existence of a CSP family (Chapters 5 and 6). 

Since CspAE and CspBB both posses highly conserved RNA-binding motifs, i.e. RNP-1 and 

RNP-2, they are also considered to be RNA-binding proteins (Jones and Inouye, 1994; Schindelin 

et al, 1993; Table 1). It has been shown that CspAE and CspBB bind to mRNA with a broad 

sequence specificity (Graumann et al., 1997; Jiang et al., 1997). The RNP motifs are located on one 

p-sheet of CspAE and contain several highly solvent exposed Phe residues (F18, F20, F31, F34; 

Table 1). The nucleic acid binding capacity of CspBB was largely reduced upon mutation of Phe 

residues in the RNP motifs to Ala, indicating the essential role for these regions in DNA/RNA 

binding (Schroder et al, 1995). Mutation of Phe residues in the RNP motifs of both CspBB and 

CspAE resulted not only in a reduction of the nucleid acid binding capacity but also in a decreased 

protein stability (Hillier et al, 1998; Schindler et al, 1998). Since CSPs are able to bind RNA it is 

proposed that these proteins act as RNA chaperones, thereby minimising the increased secondary 

folding of nascent mRNA at low temperature. By this action, CSPs facilitate the initiation of 

translation for which RNA should be in a linear form. The binding of CSPs to RNA is only 

moderately strong and it is assumed that the ribosome can detach the CSPs from the linear, nascent 

mRNA molecules (Graumann et al, 1997; Jiang et al, 1997; Fig. 1). 

Single deletions in the genes encoding CspAE or CspBB did not reveal a distinct phenotype 

in relation to growth at low temperature (Bae et al, 1997; Willimsky et al, 1992). The disruption of 

cspEE, a gene that is transiently induced during the growth lag after dilution of stationary phase 

cells, resulted in a longer lag period after dilution. However, the exact role of CspEE in this 

response is not yet elucidated (Bae et al, 1999). However, multiple deletion analysis of the csp 
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gene family of B. subtilis revealed a lethal phenotype upon deletion of all three counterparts and 

severe growth inhibition at high as well as at low temperatures whenever two csp genes were 

deleted (Graumann et al, 1997). In contrary, for L. lactis a triple deletion of cspABE did not affect 

growth characteristics (Chapter 6), which was explained by the increased expression of remaining 

csp genes. It appeared that loss of one or two of the CSPs leads to an increase in the synthesis of the 

remaining CSP(s) at high as well as at low temperatures for E. coli, B. subtilis as well as L. lactis 

(Bae et al., 1997; Graumann et al., 1997; Chapter 6). 
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Fig. 1. Model of the mode of action of CSPs during the initiation process of translation. (A) At normal 
temperature mRNA molecules are hardly folded and translation takes place at a maximum rate. (B) Upon cold 
shock the ribosomal structure is disrupted and the secondary structure of mRNA molecules is drastically 
increased (1). Easy-translatable mRNAs of cold-shock genes are translated because of the presence of 
downstream boxes (DB) by partially intact or by a minority of intact ribosomal structures (2). (C) In response to 
cold shock ribosomal structure is restored by ribosomal binding factors and mRNA secondary folding is reduced 
by the increased number of CSPs by which translation can proceed at low temperature. After Graumann et al. 
(1997) and Jones et al. (1996). See text for details. 
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For CspBB a function as anti-freeze protein has been suggested because a lower survival 

after freezing was observed for B. subtilis cells in which the cspB gene was disrupted (Willimsky et 

al, 1992). Similarily, forZ,. lactis a freeze-sensitive phenotype was observed upon deletion of cspA, 

cspB and cspE. Maximal freeze-protection upon exposure to low temperature could still be obtained 

for the triple mutant strain but the freeze-protective response was significantly delayed (Chapter 6). 

Strikingly, also upon overproduction of CspB, CspD or CspE increased survival to freezing of L. 

lactis is obtained (Chapters 5 and 6). It is speculated that the CSPs can stabilize RNA and DNA 

during the freezing process but the exact role of CSPs in these processes remains to be determined. 

Interestingly, recently a method was described for the discrimination of psychrotrophic and 

mesophilic strains of the B. cereus group based on differences in the cspA sequence. It appeared that 

by use of a specific set of cspA primers, PCR products were only obtained for strains belonging to 

the psychrotrophic B. cereus group (Francis et al, 1998). However, whether the differences in the 

observed minimum growth temperature for psychrotrophic and non-psychrotophic strains are solely 

linked to differences in the cspA sequence remains to be elucidated. 

REGULATORY ELEMENTS INVOLVED IN CSP SYNTHESIS 

The regulation of the production of CSPs is controlled at several levels. The regulation of 

production of CspA has been characterized in most detail and it appeared that regulation of its 

expression after cold shock takes place at the level of transcription, at the level of translation as well 

as at the level of mRNA and protein stability, involving several characteristic genetic elements 

(Tanabe et al, 1992; Jiang et al, 1993; Brandi et al, 1996; Goldenberg et al, 1996; Mitta et al, 

1997 [Fig. 2]). An AT-rich sequence (UP-element) upstream the -35 region of the cspAE promoter 

enhances cspAE transcription at low temperature (Mitta et al, 1997; Goldenberg et al, 1997). cspAE 

mRNA is highly unstable at 37°C but is stabilized upon cold shock. This increase in stability at low 

temperature is dependent on the unusually long 5'-untranslated leader region (5'-UTR) of cspAE, 

which is rich in secondary structure (Jiang et al, 1997). The mRNA stabilization of cspAE upon 

cold shock appeared to be transient and is lost once cells have adapted to low temperature 

(Goldenberg et al, 1996). For the cold-induced cspA and cspB genes of E. coli the expression is 

differentially regulated at low temperature. It has been proposed that different biothermostats or 

thermoregulators play a role in the induction of these genes and in low temperature adaptation 

(Etchegarayefa/., 1996). 

For B. subtilis it was shown that the CSPs have high affinity to bind to the first 25 bases of 

their 5'-UTRs, named cold-shock box (CS-box). In addition, it was found that CspAE negatively 

regulates its gene expression through a similar CS-box on its 5'-UTR (Jiang et al, 1996; Bae et al, 

1997). In this way, CSPs could down-regulate translation of their messengers by which they limit 

their cellular concentrations. This might be an important regulatory mechanism since a too high 
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level of CspBB has a growth inhibitory effect on B. subtilis as was shown using artificial 

overproduction (Graumann and Marahiel, 1997; Graumann and Marahiel, 1998). For L. lactis a 

highly different 5'-UTR and CS-box are observed for the non-cold induced cspE gene in 

comparison to these regions of the cold-induced csp genes. It was speculated that CspE destabilizes 

the mRNA of the cold-induced genes at high temperature by which no translation can occur. 

Indeed, upon disruption of CspE in L. lactis an increased synthesis of CspC and CspD was 

observed, indicating a central role for CspE in repression of the synthesis of these CSPs at normal 

growth temperature (Chapter 6). 

UP -35 -10 r > csp ORF U 
-M • • r IIIIU iminni L_ chromosome 
* Promoter elements involved in cold induction 
* AT-rich UP element 

CS-box RBS DB _ 
M ^ j | csp mRNA 

* CS-boxes: binding of CSPs decreases csp-mRNA stability 
* DB: enhancement of translation (at low temperature) 
* Secondary structure determines stability at low and high temperature 

CSP 

* Protein stability (temperature-dependent) 
* CSPs become more stable upon binding to mRNA 

Fig. 2. Schematic representation of the regulatory elements involved in the expression of CspA of £ coli. UP 
indicates the AT-rich UP-element, -35 and -10 indicate the respective promoter regions, csp ORF (blocked 
region) indicates the csp open reading frame, the hairpin indicates the terminator region, CS-box indicates the 
cold-shock box, RBS indicates the ribosome binding site, DB indicates the downstream box. See text for details. 

Strikingly, it has been observed that not all members of CSP families are cold induced (Lee 

et al., 1994; Yamanaka et al, 1998; Wang et al, 1999; Chapter 2; Table 1). It is assumed that the 

different CSPs might play a role in a variety of cellular processes. Furthermore, the expression of 

several csp genes increased upon exposure to other stress conditions than cold, e.g. CspDE, CspB 

and CspCB were shown to be induced during stationary phase conditions (Yamanaka and Inouye, 

1997; Graumann and Marahiel, 1999). Moreover, CspAE is also induced upon exposure to ultra 

high-pressure treatments (Welch et al, 1993; Table 1). Next, CspCE and CspEE are two non-cold-

induced members of the CspAB family of E. coli, and these proteins have been implicated in 

chromosomal condensation and/or cell division (Yamanaka et al., 1994; Yamanaka et al, 1998). 
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Recently, Hanna and Liu (1998) showed that CspEE of E. coli interacts with nascent RNA in 

transcription complexes, indicating a role for this protein in the transcription process. Finally, 

Brandi et al. (1999) reported that expression of cspAE is high upon dilution of a stationary phase 

culture and that the cspAE mRNA level decreases with increasing cell density. The extent of the 

cold-shock induction of cspA is inversely proportional to the pre-existing level of CspAE. 

Furthermore it is reported that the expression of cspAE under non-stress conditions is regulated by 

the antagonistic effects of the DNA-binding proteins Fis and H-NS on transcription, variation of 

cspAE mRNA stability and, possibly, autoregulation. Consequently, it is not necessarily to be 

expected that CSPs play a role solely in cold adaptation (Brandi et al., 1999). 

It has been suggested that upon cold shock, a period during which protein synthesis is 

blocked as a result of ribosomal malfunctioning, the mRNAs of CSPs are still translatable because 

of the presence of a downstream box (DB). This DB, located in the coding region of the protein, is 

complementary to a sequence proximal to the ribosome binding site-decoding region in 16S rRNA 

and was shown to be required for efficient translation under cold-shock conditions (Mitta et al., 

1997). For cspD of L. lactis a highly complementary DB was found that may be functional since 

cspD is the highest expressed csp gene upon cold shock (Chapter 8). 

THE ROLE OF RIBOSOMES IN COLD ADAPTATION 

The structure and function of the ribosomes seem to play a central role in the cold-

adaptation process. A downshift in temperature causes a cold-sensitive block in initiation of 

translation, resulting in a decrease in polysomes and an increase in 70S monosomes and ribosomal 

subunits. VanBogelen and Neidhardt (1990) stated that the ribosome might be the temperature 

sensor in bacteria. During a cold-shock treatment the translational capacity is strongly reduced by 

which the concentration of charged tRNA would be too high, blocking the A-site of the ribosome. 

This in turn would lower the (p)ppGpp concentration by the diminished synthesis of (p)ppGpp by 

RelA (which in turn controls the stringent response). In E. coli artificially low concentrations of 

(p)ppGpp increase the synthesis of cold induced proteins (VanBogelen and Neidhardt, 1990; Jones 

et al, 1992A; Graumann and Marahiel, 1996). In addition, it has been observed that upon 

incubation of cells of E. coli and B. subtilis with chloramphenicol a response similar to the cold-

shock response develops, with the specific induction of certain CSPs and CIPs. This response was 

related to the inactivation of the ribosomes that are also specifically blocked by chloramphenicol. It 

is believed that the mRNAs of cold-induced genes are still translatable during cold shock because of 

the presence of DB elements that ensure additional binding to the ribosome. The induction of cold-

shock-specific ribosomal factors, such as CsdA and RbfA, leads to restoration of the ribosomal 

structure and the ability to form intact translation initiation complexes for translation of non cold-

shock mRNAs (Jones and Inouye, 1996; Mitta et al., 1997; Fig. 1). An important role in the 
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regulation of the translation at low temperature has been shown for CsdA, that is essential for the 

unwinding of stable secondary structures formed at low temperature (Jones et al, 1996). 

PERSPECTIVES 

The increasing number of studies on the cold-shock response of a variety of organisms allows 

an overview and an opportunity for comparison of their responses. The synthesis of the 7-kDa CSPs 

upon cold shock has been elucidated in most detail but the exact functioning of this group of proteins 

remains to be elucidated. The regulation of synthesis, the role of elements involved in the regulation 

and other aspects regarding the functioning of CSPs have been elucidated, although, also a large 

number of questions have remained unanswered. The reasons for the existence of CSP families of 

which the members show highly similar primary and three-dimensional structures, is still unclear. It 

was shown that the different csp genes are induced during different growth conditions. Upon deletion 

of the genes encoding CSPs compensatory effects of the remaining counterparts are noted, which 

points to the presence of a tightly controlled internal network to control expression. For their action as 

RNA chaperones the need for a combined action and dimerization of CSPs has been reported 

(Schindelin et al, 1993; Mayr et al, 1996; Graumann et al, 1997). It is shown that different CSPs 

function as transcriptional regulators and in this way they might regulate different proteins, thereby 

indicating specific functions for each of the counterparts of the CSP family. Many aspects regarding 

the presence of CSP families and their role in bacterial evolution are currently being investigated by 

use of single and multiple csp deleted strains. The increasing number of complete genome sequences, 

the development of the micro-array technology and the further development of proteomics analysis 

will undoubtedly significantly contribute to the unraveling of CSP functioning, and in particular to the 

exploration of their role in global regulatory phenomena. 

Another point of major interest is the way of sensing low temperature signals. In recent years a 

limited amount of data regarding this aspect has become available and indicated a central role for the 

ribosome, of which the macromolecular structure is affected at low temperature. A central role has also 

been assigned for the cytoplasmic membrane in which many changes occur upon low-temperature 

exposure. Recently, a cold-induced signal transduction protein was identified in L. lactis, which might 

be involved in temperature sensing (Chapter 6). Moreover, the observed cold-induction of alternative 

(stress) sigma factors also includes these proteins to the cold-responsive regulon. Transcription of o s of 

E. coli and a8 of L. monocytogenes have been shown to be induced upon low-temperature exposure 

but o of B. subtilis is not induced at low temperature as observed using lacZ promoter fusions and 

Western blotting (Loewen et al, 1998; Becker et al, 1998). 

The research on cold adaptation might yield direct applications with respect to food 

preservation methods and fermentation technology. Upon different cold-shock treatments prior to 

freezing clear differences are observed in survival capacity of several bacteria after freezing and a role 
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for CSPs in this response has been shown (Willimsky et ah, 1992; Chapters 5 and 6). This may result 

in high survival rates of bacteria in frozen food products or of starter strains during frozen storage. 

Furthermore, genetic elements involved in the increased synthesis of CSPs at low temperature might 

provide valuable tools for the expression of enzymes at low temperature. For example, the cspAE 

promoter was used to express proteins at low temperature in E. coli allowing 3 to 5-fold induction 

using different promoter fragments. However, it should be noted that the cspAE promoter became 

repressed after 2 h of exposure to low temperature, which makes it not very suitable for use as a high-

yield expression system yet (Vasina and Baneyx, 1996; Vasina and Baneyx, 1997). From the increased 

knowledge regarding CSPs useful information has been gained to understand low temperature 

adaptation and the deleterious effects of cold shock for certain bacteria. This may also result in the 

development of methods to control the growth of microorganisms that continue to challenge the shelf 

life and safety of refrigerated foods. 

12 



csp genes in Lactococcus lactis 

Chapter 2 

Clustered organization and transcriptional analysis of a family of five 

csp genes in Lactococcus lactis MG1363 

Jeroen A. Wouters1'2, Jan-Willem Sanders3, Jan Kok3, Willem M. De Vos1, Oscar P. Kuipers1 and 

Tjakko Abee2 

'Microbial Ingredients Section, NIZO food research, Ede, 2Laboratory of Food Microbiology, Wage-

ningen University, Wageningen and department of Genetics, Groningen University, Haren, The 

Netherlands. 

ABSTRACT 

A family of genes encoding cold-shock proteins, named cspA, cspB, cspC, cspD and cspE, was cloned 

and sequenced from Lactococcus lactis MG1363. The genes cspA and cspB and the genes cspC and cspD are 

located in tandem repeats, an organization of csp genes that has never been encountered before. The five genes 

encode small (7.1 to 7.6 kDa) proteins with high mutual sequence identities (up to 85%) and high identities 

(about 45-65%) with the major cold-shock proteins from Escherichia coli (CspA) and Bacillus subtilis (CspB). 

Northern-blot analysis revealed single transcripts of about 300 nucleotides for each csp gene and showed that 

cspA-, cspB-, cspC-, and cspD-mRNA levels were strongly increased upon cold shock to 10°C (about 10, 40, 

10 and 30 fold compared to 30°C, respectively), whereas the cspE-mRNA level was not increased. The 

expression of the cold-induced csp genes was highest in the 6-8 h lag phase after cold shock. A differential 

expression in time, in which cspA and cspC were maximally expressed at two hours and cspB and cspD at 4 h 

after cold shock, was observed. The -35 and -10 regions of the five promoters were identified and 

transcriptional start sites were mapped in each case by primer extension at different temperatures which 

confirmed that regulation takes place at the transcriptional level. Significant differences between the 5'-

untranslated leader regions of the four cold-induced csp genes and the corresponding region of the non-cold-

induced cspE gene were observed. 

Microbiology, 1998,144:2885-2893. 
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INTRODUCTION 

Lactococcus lactis plays an important role in many dairy fermentations. During processing and 

ripening of fermented dairy products these bacteria have to deal with different environmental stresses, 

such as low pH, high salt concentrations and temperature extremes (Rallu et ah, 1996). Several stress 

responses of L. lactis have been studied and stress-induced genes could be identified (Van Asseldonk 

et ah, 1993; Sanders et ah, 1995; Rallu et ah, 1996). However, low temperature stress gained less 

attention. Cold stress might be of importance for the survival of starter cultures after frozen storage 

and for fermentations taking place at low temperatures. 

The response to cold shock has been extensively studied in Escherichia coli and was shown to 

result in the induction of a specific set of 14 proteins. These proteins play a role in various cellular 

processes and include, among others, NusA, RecA, H-NS, GyrA, polynucleotide phosphorylase and 

CspA (further referred to as CspAE)(Jones et ah, 1987; Jones and Inouye, 1994; Jones and Inouye, 

1996; Jones et ah, 1996). Maximal induction after cold shock was detected for CspA which is 

transiently overexpressed (200-fold induction) and then represents 13% of the newly synthesized pro

teins (Jones et ah, 1987; Goldstein et ah, 1990). A highly similar protein, CspB (further referred to as 

CspBB), has been described in Bacillus subtilis (Willimsky et ah, 1992). 

CspAE (Goldstein et ah, 1990) and CspBB (Willimsky et ah, 1992) are small proteins 

characterized by a molecular mass of 7.4 kDa and a low isoelectric point (pi is 5.9 and 4.3, 

respectively). CspA acts as a transcriptional activator of at least two other genes encoding cold-

induced proteins, GyrA (Jones et ah, 1992B) and H-NS (LaTeana et ah, 1991), both involved in DNA-

supercoiling. The crystal structures of CspAE and CspBB have been resolved and both proteins are able 

to bind specifically to single-stranded DNA containing a Y-box motif (ATTGG) or its complementary 

sequence (CCAAT)(Graumann and Marahiel, 1994; Newkirk et ah, 1994; Schindelin et ah, 1994). 

Cold shock proteins (CSPs) contain sequence regions highly homologous to the cold-shock domain of 

eucaryotic DNA-binding proteins, designated Y-box factors (Landsman, 1992). CspAE and CspBB are 

also considered RNA-binding proteins because they both possess highly conserved RNA-binding 

motifs, i.e. RNP-1 (ribonucleoprotein) and a rudimentary RNP-2 motif (Schindelin et ah, 1993; Jones 

and Inouye, 1994) and it appears that CspAE can act as an RNA chaperone (Jiang et ah, 1997). For 

CspB a function as an anti-freeze protein has been suggested because a lower survival has been 

observed after freezing of cells in which the cspB gene was disrupted (Willimsky et ah, 1992). The 

regulation of the synthesis of the major cold shock proteins is still unclear but it seems to take place 

both at the level of transcription (Lee et ah, 1994) and translation (Brandi et ah, 1996). Recently, it 

was shown that the abundant presence of CspAE after cold shock is due to increased stability of its 

mRNA at low temperature (Fang et ah, 1997). 

In E. coli, B. subtilis, and Bacillus cereus, families of csp genes of respectively 9, 3 and 6 
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members have been found (Lee et al, 1994; Graumann et al, 1996; Mayr et al., 1996; Nakashima et 

al, 1996; Yamanaka and Inouye, 1997). In E. coli at least three of the nine identified csp genes are 

cold induced (Lee et al, 1994; Nakashima et al, 1996). The csp genes of E. coli appeared to be 

scattered on the chromosome (Lee et al, 1994) and also for other bacteria only non-clustered csp 

genes have been reported (Graumann et al, 1996; Mayr et al, 1996). A recent study of Graumann et 

al. (1997) using a triple csp deletion mutant of B. subtilis revealed that CSPs are essential for cellular 

growth and for efficient protein synthesis at both optimal and low temperatures. 

The cold-shock response of L. lactis IL1403 was studied by Panoff et al (1994) and revealed 

that 12 proteins were overexpressed after cold shock. Recently, one cold-induced csp gene was 

identified in L. lactis (Chapot-Chartier et al., 1997; Kim and Dunn, 1997) and two in another lactic 

acid bacterium, Lactobacillus plantarum (Mayo et al, 1997). 

In this study, a family of five genes encoding cold-shock proteins of L. lactis MG1363 is 

characterized. For the first time a clustered organization of csp genes is observed: two tandems of two 

csp genes. Transcriptional analysis of the L. lactis csp genes revealed cold induction for four of these 

genes and a differential expression of the respective genes during the adaptation phase after cold 

shock. 

MATERIALS AND METHODS 

Bacterial strains and growth conditions. E. coli MCI061 (Casadaban and Cohen, 1980) was 

used as a host strain in cloning experiments and was grown in Tryptone Yeast (TY) medium with aera

tion at 37°C (Sambrook et al, 1989). Antibiotics were used in the following concentrations: ampicillin 

50 (xg ml"1; chloramphenicol 10 ug ml"1. L. lactis MG1363, a plasmid-free and prophage cured 

derivative of I . lactis NCD0712 (Gasson, 1983), was grown in M17 broth (Difco) supplemented with 

0.5% (w/v) glucose at 30°C without aeration. Growth curves of L. lactis were obtained by measuring 

the optical density at 600 nm (OD6oo) at various time points by diluting the sample four times in Ml7 

broth. 

DNA techniques and sequencing. Chromosomal DNA of L. lactis was isolated as described 

previously (Vos et al, 1989). L. lactis cells were transformed by electroporation (Wells et al, 1993). 

E. coli cells were transformed by the CaCL. procedure and plasmid isolations were carried out 

according to established procedures (Sambrook et al, 1989). E. coli plasmid DNA was isolated at a 

large scale using Qiagen columns (Qiagen). Restriction enzymes, T4 DNA ligase and other DNA-

modifying enzymes were purchased from GIBCO/BRL Life Technologies, New England Biolabs, or 

Promega and used as recommended by the manufacturers. Cloning procedures, radiolabeling of DNA 

fragments, agarose gel electrophoresis and Southern-blot hybridizations were performed according to 

established procedures (Sambrook et al, 1989). DNA fragments were isolated from agarose gels by 
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using the GlassMAX DNA Isolation Matrix System (BRL Life Technologies). PCR was carried out 

according to conditions described previously (Kuipers et ah, 1991). Nucleotide sequences of plasmid 

DNA were analyzed with an ALF automatic sequencer (Pharmacia Biotech) in combination with an 

AutoRead sequencing kit (Pharmacia Biotech) with fluorescein-labeled primers. Oligonucleotides, 

used as primers in sequencing reactions, primer extension experiments and PCR, were purchased from 

Pharmacia Biotech. 

Cloning of csp genes. PCR with primers based on homologous regions of CspAE (Goldstein et 

ah, 1990) and CspBB (Willimsky et ah, 1992; Table 1) with chromosomal DNA of L. lactis MG1363 

as a template resulted in the amplification of a fragment of about 200 bp (PCR1) with primers 1 and 2 

(both containing an £coRI-site). When primers 3 and 4 were used a fragment of about 550 bp (PCR2) 

was amplified. The fragments were cloned in pUC18 (pUC18PCRl) and pGEM-T (purchased from 

Promega; pGEM-TPCR2), respectively. The fragments were sequenced and appeared to contain parts 

of putative csp genes. By use of PCR1 as a probe in Southern hybridization, four hybridizing 

fragments (/#«dHI-chromosomal-DNA digest) were detected (Fig. 1 A). The first hybridizing band was 

cloned as a 3.3 kb EcoBJ/HpaU fragment into the EcoRl- and ̂ 4ccl-sites (after calf intestine alkaline 

phosphatase treatment) of pUC19, resulting in pUC19CspA/B (Table 1). The second hybridizing band 

was cloned as a HindTWBglU fragment (2.1 kb) in the HindUl- and the BamHI-sites of pUC19 

(pUC19CspC/D; Table 1) and sequenced by primer walking. Attempts to clone the third hybridizing 

fragment either as a 3.5 kb HindUI fragment or as an 4.5 kb EcoTUJSacl fragment in both a high copy 

(pUC19) and a low copy vector (pNZ84, a pACYC derivative; Van Alen-Boerrigter et ah, 1991) 

failed. The fourth hybridizing band was cloned as a HindHUPstl fragment (1.1 kb) in the HindJE- and 

Pstl-sites of pUC19 (pUC19CspE; Table 1). On this fragment a putative csp gene was located and to 

obtain its downstream region the following inverse PCR strategy was used. Chromosomal DNA was 

digested with HpaU and self-ligated. PCR was performed with this template and with pAMILEX and 

pAMI4 (Table 1) as primers. A 950 bp fragment was obtained which was cloned in the blunt HincU 

and the BamHl-site (compatible with Sau3AI) of pUC18 after digestion with Sau3Al (resulting in 

pLEX; Table 1). 

DNA- and deduced protein sequence analysis. Computer analysis of DNA sequences and 

the deduced amino acid sequences was performed with the programs PC/GENE (version 6.70; 

IntelliGenetics) and Clone (Version 4.0; Clone Manager). EMBL/Genbank and Swissprot/PIR datab

ases were used to search for amino acid sequence similarities. 

RNA techniques and primer extension experiments. RNA isolation, Northern blotting and 

subsequent hybridization with radiolabeled probes was performed as described previously (Kuipers et 

ah, 1993). For cold-shock experiments cultures were grown at 30°C to mid-exponential phase after 

which they were spun down by centrifugation and resuspended in 10°C-precooled medium. After 

16 



csp genes in Lactococcus lactis 

Table 1. Plasmids and oligonucleotides used in this study 

Plasmids 
pUC19PCRl pUC19 containing a PCR fragment (PCR1) of about 200 bp obtained with primers 

1 and 2 
pGEM-TPCR2 pGEM-T containing a PCR fragment (PCR2) of about 550 bp obtained with 

primers 3 and 4 
pUC 19CspA/B pUC 19 containing a 3.3 kb EcoBUHpaQ. fragment containing cspAJcspB 
pUC19CspC/D pUC19 containing a 2.1 kb Hin&WBgKl fragment containing cspC/cspD 
pUC 19CspE pUC 19 containing a 1.1 kb HindlWPstl fragment containing cspE and its upstream 

region 
pLEX pUC 18 containing a 0.95 kb PCR fragment which is cloned in the &«3AI and 

/fincll-sites containing cspE and its downstream region 

Oligonucleotides (5'-3') 
Primer 1 CGGAATTCGGIA(A/T)IGTIAA(A/G)TGGTT(T/C)AA 
Primer 2 CGGAATTCGTIAC(A/G)TTIGCIGC(C/T)TGIGGICC 
Primer 3 GGNANNGTNAA(A/G)TGGTT(CAT)AA 
Primer 4 (G/A/T)AT(A/G)AANCC(A/G)AANCC(C/T)TT 
pAMILEX GAACGCAATGAGTCCTG 
pAMI4 TGACAGCGGGCCTAACC 
VEcspA GCCATAGCCTTGTCCATATTG 
PEcspB GCCAAATCCTTTATCTGGA 
PEcspC CTTGCATATCATCTGCCA 
PEcspD ACCAAATCCTTTAGTAGC 
PKcspE TGTGCGAAAACGTCGTTT 

exposure to 10°C for various time periods (0, 0.5, 1, 2, 4 and 24 h) total RNA was isolated. The same 

oligonucleotides were used as probes in Northern blotting and as primers in primer extension 

experiments (PECspA to PECspE; Table 1). Quantification of the csp transcripts in Northern blotting 

was performed using the Dynamics Phosphor Imaging System. Cross-hybridization of the probes to 

the other csp genes was checked using Southern blotting, quantified with the same system. As a 

control for the RNA quantity the usp45 gene, which is constitutively expressed (Van Asseldonk et al., 

1990), was used and correction factors were calculated by using the Phosphor Imaging System. Primer 

extension experiments of the csp genes were carried out as described previously (Kuipers et al., 1993) 

with the same RNA samples as used for Northern blotting. The resulting cDNA was subjected to 

electrophoresis alongside nucleotide sequencing ladders generated with the same primers using the 

dideoxy cham-terrnination method (Sanger et al., 1977) and [oc-32P]dATP as radiolabel. 

Accession numbers: The EMBL accession numbers for the reported sequences in this paper 

are Y17215 (for cspA and cspB), Y17216 (for cspC and cspD) and Y17217 (for cspE). 

RESULTS 

Cloning of genes encoding putative cold-shock proteins. Using different primers based on 

the homologous sequences of CspAE and CspBB (Table 1) two PCR products of about 200 (PCR1) 

and 550 (PCR2) bp were amplified with L. lactis MG1363 chromosomal DNA as a template. After 
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cloning and sequencing it appeared that these PCR products contained parts of genes homologous to 

the major csp genes. In a Southern-blotting experiment, using PCR1 as a probe, four hybridizing 

fragments were detected in different digests of L. lactis chromosomal DNA (Fig. 1A). Two csp genes, 

named csp A and cspB, are located on an EcoKJJHpaU fragment (cloned in pUC19 resulting in 

pUC19CspA/B). Another fragment (cloned in pUC19 resulting in pUC19CspC/D) also contained two 

csp genes (named cspC and cspD), organized in a tandem repeat. A single csp gene, named cspE 

(cloned in pUC19 resulting in pUC19CspE), is located on a HindJU/Pstl fragment and its downstream 

region was cloned by an inverse PCR strategy (pLEX). The organization of the different csp genes is 

shown in Fig. IB. In Southern hybridization with PCR2 as a probe only two fragments, identical to 

fragments that hybridized with PCR1 as a probe, could be detected (data not shown). When the 

different csp genes were used as probes in Southern hybridization (different chromosomal-DNA 

digests) no extra hybridizing bands could be detected compared to the four bands obtained when using 

PCR1 as a probe. In an £coRI digest all csp homologs were located on only two fragments indicating a 

clustered organization on the L. lactis MG1363 chromosome. No hybridization was observed using 

plasmid DNA (isolated from several L. lactis strains) and PCR1 as a probe, indicating that these csp 

genes are chromosomally encoded and that no homologs are located on plasmids (data not shown). 
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Fig. 1. Identification and organization of csp genes in L. lactis MG1363. (A) Southern hybridization of chromosomal 
DNA of L. lactis MG1363 digested with HindUl (lane 1), Hindlll and £coRI (lane 2), Hindlll and Pstl (lane 3), 
Hindlll and Bgffl (lane 4) and Hindlll and BamUl (lane 5) with PCR1 used as a probe. Marker sizes are indicated 
on the right and arrows indicate the hybridizing Hindlll fragments. (B) Organization and nomenclature of the csp 
genes found in L. lactis MG1363. The large arrows indicate the ORFs, the smaller arrows indicate the transcription 
starts and the terminators are indicated by a hairpin structure (only the major terminators are indicated). 
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A remarkably high nucleotide sequence identity was found for the two tandem repeats: 79% 

over 800 nt containing both ORFs. In the tandem repeats the first ORFs (cspA and cspC) and the 

second ORFs (cspB and cspD) are highly similar (81% and 82% identity, respectively). Also the 

spacing between the two adjacent ORFs is similar for both tandem repeats (268 nt for cspA and cspB, 

277 nt for cspC and cspD). 

The five CSPs of L. lactis have a mutual identity of 52 to 85% at amino acid level. The identity 

to the major cold-shock proteins, CspAE and CspBB, is about 45-65% and is lowest for CspA and 

CspC (Fig. 2; Table 2). The calculated molecular weights of the L. lactis CSPs range from 7.1 for 

CspE to 7.6 kDa for CspA and CspC (Table 2). CspA and CspC have an unusually high pi 

(approximately 9) compared to other CSPs (approximately 5). 
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Fig. 2. Alignment of the deduced amino acid sequences of lactococcal CSPs and the amino acid sequences of CspA 
and CspBB. Identical amino acids are indicated with dots, gaps are indicated with dashes. Important regions for DNA 
binding are indicated with asterisks and RNA-binding motifs (RNP-l and RNP-2) are boxed. 

Table 2. Identity (%), size of ORF in amino acids (AA), molecular weight in kDa (MW) and isoelectric point 
(pi) of the L. lactis CSPs, CspAE and CspBB. 

Identity (%) Size MW pi 
CspA CspB CspC CspD CspE CspAE CspBB (AA) (kDa) 

CspA 
CspB 
CspC 
CspD 
CspE 
CspAE 

CspBB 

62 76 
56 
* 

59 
80 
52 
* 

60 
82 
52 
85 
* 

45 
59 
48 
64 
61 
* 

50 
62 
47 
65 
63 
61 
* 

66 
66 
66 
66 
65 
70 
67 

7.6 
7.3 
7.6 
7.2 
7.1 
7.4 
7.4 

9.2 
4.9 
9.6 
4.4 
4.6 
5.9 
4.3 

Cold induction of csp genes. Cells of L. lactis were cultured until mid-exponential phase at 

30°C after which they were subjected to a cold shock by resuspending in precooled GM17 medium 

(10°C). Growth characteristics of the cold-shocked culture are shown in Fig. 3. A lag time of about six 

to eight h after cold shock was observed, after which exponential growth is resumed with a lower 
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growth rate (6-fold reduction) as compared to 30°C. The amount of mRNA of the csp genes was 

monitored by Northern blotting at various times after cold shock (Fig. 4B; only shown for cspB). 

Probes specific for each cold-shock gene were used (Table 1) and the cross-hybridization for all probes 

was calculated and appeared to be maximally 6% with primer PEcspE and cspC (data not shown). 

Transcripts of about 300 nt were detected for all csp genes whereas for cspA and cspC also larger 

transcripts (about 450 and 350 nt, respectively) were detected in small amounts (<5%; see below). 

cspB and cspD are induced about 40- and 30-fold at 10°C, respectively, whereas cspA and 

cspC are induced by a factor of about 10 compared to the level at 30°C. At 30°C (t = 0) a high cspE 

mRNA level was detected compared to other csp genes, but cspE seems not to be induced at low 

temperature. Strikingly, the time at which maximal mRNA levels were found was different for the 

cold-induced csp genes. cspA and cspC reach maximal accumulation at 1-2 h after cold shock whereas 

for cspB and cspD maximal accumulation occurs at about 2-4 h after cold shock (Fig. 4B). The mRNA 

levels of cspA, cspB, cspC and cspD are decreased at 8 h after cold shock (data not shown), when 

exponential growth is resumed (Fig. 3). Other stress conditions like heat stress (10 min 42°C), salt 

stress (10 min 0.5 M NaCl), low pH stress (10 min pH 4.0, adjusted with lactic acid) or stationary 

phase conditions (2 h after reaching stationary phase) did not result in increased mRNA levels of any 

of the csp genes (data not shown). 

10 20 

Time (h) 

Fig. 3. Growth of I . lactis MG1363 at 
30°C (squares) and after cold shock to 
10°C (circles). The arrow indicates the 
time point of cold shock. 

20 



csp genes in Lactococcus lactis 

CSpB 

30°C 10°C 

0 0.5 1 2 24 

cspA cspD cspE 

Fig. 4. Transcriptional analysis of csp genes of L. lactis MG1363. (A) Northern blot of RNA extracted at 0, 0.5, 1, 2, 
4 and 24 h after cold shock hybridized with a probe specific for cspB (Table 1). The transcript size is about 300 nt. 
(B) Increment of mRNA-levels at different times after cold shock relative to t=0 (30°C). Correction for mRNA 
amounts was performed using usp45 (Van Asseldonk et al., 1990) as a standard. 

Identification of promoter regions. Using the primer extension technique transcription start 

points of the csp genes were identified (Fig. 5; only shown for cspC and cspD) and are indicated in 

Fig. 6. For cspD a double transcription start was found, a major start at the indicated A-residue and a 

minor start at the T-residue three bases downstream. For each csp gene transcripts were detectable at 

30°C and for cspA, cspB, cspC and cspD increased amounts of transcript were found at 10°C. The 

same transcription start points were identified at high and low temperature. Northern blotting showed 

that the mRNA size for the different csp genes is about 300 nt which corresponds well with the 

detected transcription starts and the putative terminators (AG= -6 kcal/mol, -10 kcal/mol, -8 kcal/mol, -

8 kcal/mol and -8 kcal/mol for cspA, cspB, cspC, cspD and cspE, respectively). For cspA and cspC 

hairpin structures (AG= -10 kcal/mol and -14 kcal/mol, respectively) were found further downstream 

the ORFs, for which the size of the mRNA corresponds with larger transcripts which were detected in 

small amounts (only detected after prolonged exposure of the blots to X-ray films). When DNA 

fragments, containing parts of the csp genes and the region between the clustered csp genes, were used 

as probes only transcripts of about 300 nt were detected, indicating that also the csp genes located in 

tandem repeats are monocistronic. 
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A C G T 30°C10°C 

Fig. 5. Primer extension experiments for (A) cspC and (B) cspD. Sequence ladders are indicated on the left. RNA 
samples were taken at mid-exponential growth phase at 30°C and at 2 h after cold shock to 10°C. The nucleotide 
sequences, the -10 promoter regions and the transcription starts are indicated on the right. 

The detected transcription start sites allowed to identify -35 and -10-promoter regions of the 

csp genes (Fig. 6). The promoter regions are 67 to 92% identical to the established consensus 

sequences of L. lactis (De Vos and Simons, 1994). The consensus 17-bp spacing between the -35 and -

10 regions is found for all lactococcal csp promoters (Fig. 6). The non-cold-induced cspE gene has the 

lowest similarity (4 nt mismatches) with the consensus promoters, whereas the promoter regions of the 

cold-induced csp genes are less different from the consensus promoter regions (3, 3, 2 and 1 nt 

mismatches for cspA, cspC, cspD and cspB, respectively). In the promoter regions of cspC and cspB 

complementary sequences (CCAAT) of the Y-box motifs (ATTGG) are present (Fig. 6). Several of 

these motifs were also found further up- and downstream of the promoter regions of the other 

lactococcal csp genes. 

The 5'-untranslated leader regions (5'-UTR) of the cold-induced csp A, cspB, cspC and cspD 

genes are highly identical (approximately 60%) whereas the identity with this region of the non-cold 

inducible cspE is much lower (about 30%; Fig. 6). Furthermore, the 5'-UTR of cspE (94 nt) is slightly 

longer than the ones of the other lactococcal csp genes (86, 84, 83 and 87 nt for cspA, cspB, cspC and 

cspD, respectively). The 5'-UTR of all lactococcal csp genes appear to be rich in secondary structure, 

encompassing the entire region as calculated by the method of Zuker and Stiegler (1981). 

DISCUSSION 

A family of five genes, named cspA, cspB, cspC, cspD and cspE, encoding putative cold-shock 

proteins was cloned from L. lactis MG1363 and it appeared that these csp genes were organized in 

clusters. cspA and cspB as well as cspC and cspD are located in a tandem repeat whereas cspE was 
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