
The enterococcal PASTA kinase: a sentinel for cell envelope 
stress

Dušanka Djorić#, Nicole E. Minton#, Christopher J. Kristich*

Department of Microbiology and Immunology, Center for Infectious Disease Research, Medical 
College of Wisconsin, 8701 Watertown Plank Rd, Milwaukee, WI 53226

Abstract

Enterococci are Gram-positive, opportunistic pathogens that reside throughout the gastrointestinal 

tracts of most terrestrial organisms. Enterococci are resistant to many antibiotics, which makes 

enterococcal infections difficult to treat. Enterococci are also particularly hardy bacteria that can 

tolerate a variety of environmental stressors. Understanding how enterococci sense and respond to 

the extracellular environment to enact adaptive biological responses may identify new targets that 

can be exploited for development of treatments for enterococcal infections. Bacterial eukaryotic-

like serine/threonine kinases (eSTKs) and cognate phosphatases (STPs) are important signaling 

systems that mediate biological responses to extracellular stimuli. Some bacterial eSTKs are 

transmembrane proteins that contain a series of extracellular repeats of the penicillin-binding and 

Ser/Thr kinase-associated (PASTA) domain, leading to their designation as “PASTA kinases”. 

Enterococcal genomes encode a single PASTA kinase and its cognate phosphatase. Investigations 

of the enterococcal PASTA kinase revealed its importance in resistance to antibiotics and other cell 

wall stresses, in enterococcal colonization of the mammalian gut, clues about its mechanism of 

signal transduction, and its integration with other enterococcal signal transduction systems. In this 

review, we describe the current state of knowledge of PASTA kinase signaling in enterococci and 

describe important gaps that still need to be addressed to provide a better understanding of this 

important signaling system.

Introduction

Enterococci are Gram-positive, opportunistic pathogens and inhabitants of the 

gastrointestinal tract of most terrestrial organisms. Enterococci are considered to be 

commensals, but in immunocompromised or debilitated individuals, they can cause deadly 

infections (Hidron et al., 2008; Sievert et al., 2013; Weiner et al., 2016). Two enterococcal 

species, Enterococcus faecalis and Enterococcus faecium, are the main culprits of 

healthcare-associated enterococcal infections. Vancomycin-resistant enterococci have been 

classified by the Centers for Disease Control and Prevention as a serious threat (CDC, 2019; 

Weiner et al., 2016). Prior antibiotic therapy is a known risk factor for acquisition of a 

subsequent enterococcal infection (Carmeli et al., 2002; Shepard and Gilmore, 2002). 
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Disruption of the intestinal microbial ecosystem by antibiotics enables enterococci to 

proliferate to abnormally high numbers in the gut, then disseminate to cause infections 

elsewhere in the body (Brandl et al., 2008; Carmeli et al., 2002; Donskey et al., 2000; 

Shepard and Gilmore, 2002; Ubeda et al., 2010). Antibiotic treatment of such infections is 

often ineffective due to intrinsic and acquired mechanisms of resistance (Hollenbeck and 

Rice, 2012; Miller et al., 2014; Miller et al., 2016).

Enterococci can also be found in the oral cavity and saliva (Sedgley et al., 2006; Wang et al., 

2012; Zhu et al., 2010) and are frequently associated with oral diseases such as caries, 

periodontitis, endodontic infections (Komiyama et al., 2016; Kouidhi et al., 2011; Rams et 

al., 2013; Wang et al., 2012). E. faecalis has been known for decades to be one of the most 

frequently isolated species from root canal infections, especially persistent infections 

associated with apical periodontitis (Ferrari et al., 2005; Gomes et al., 2008; Hancock III et 

al., 2001; Molander et al., 1998; Peciuliene et al., 2000; Peciuliene et al., 2001; Rôças et al., 

2004a; Rôças et al., 2004b; Schirrmeister et al., 2009; Sedgley et al., 2006; Sedgley et al., 

2004; Siqueira Jr and Rôças, 2004; Stuart et al., 2006; Sundqvist, 1992; Sundqvist et al., 

1998; Tennert et al., 2014). The hardy nature of enterococci makes it difficult to use dental 

pre-treatments effectively (e. g. chlorhexidine and sodium hypochlorite) contributing to 

failed dental procedures (Estrela et al., 2008; Hancock III et al., 2001; Peciuliene et al., 

2001; Pinheiro et al., 2003; Rôças et al., 2004b; Sedgley et al., 2005; Zerella et al., 2005). 

Conventional methods for treatment of endodontic infections, including the use of intracanal 

medicaments, often do not effectively eliminate E. faecalis (Ferrari et al., 2005), likely due 

to the intrinsic resistance of the organism to the stresses imposed by these treatments. There 

is also evidence that sublethal concentrations of certain disinfectants used in dentistry (such 

as chlorhexidine) can lead to enhanced resistance of enterococci to certain antibiotics 

(Bhardwaj et al., 2017; Gadea et al., 2017a; Gadea et al., 2017b; Kampf, 2019). Lipoteichoic 

acid, a cell surface component of E. faecalis, is a potent stimulator of pro-inflammatory 

responses (Bhakdi et al., 1991; Sipert et al., 2010). E. faecalis is a prolific producer of 

extracellular superoxide (Huycke et al., 2002; Huycke et al., 1996; Huycke et al., 2001; 

Huycke and Moore, 2002), which has been proposed to contribute to periapical tissue injury 

and bone loss in apical periodontitis (Marton et al., 1993). In addition, E. faecalis binds to 

host molecules (Hubble et al., 2003; Kowalski et al., 2006; Nallapareddy and Murray, 2008) 

(e.g. collagen) and invades dentinal tubules (Akpata and Blechman, 1982; Haapasalo and 

Orstavik, 1987; Love, 2001; Orstavik and Haapasalo, 1990), facilitating its persistence. 

Overall, the collective picture that emerges is one in which the ability of E. faecalis to cause 

periradicular disease derives from its ability to survive the effects of root canal treatment and 

persist in the root canals and dentinal tubules of teeth (Stuart et al., 2006). Thus, 

understanding the mechanisms that enable enterococci to overcome antimicrobials and 

proliferate may reveal new therapeutic targets to prevent or treat enterococcal infections 

throughout the body.

Most bacteria possess numerous signaling systems that sense and respond to the surrounding 

environment to promote survival. The most ubiquitous are the now-familiar two-component 

signal transductions systems, consisting in the simplest form of a histidine kinase sensor and 

its cognate response regulator (often a transcription factor), but over the past ~15 years there 

has been a growing recognition of the importance of eukaryotic-like serine/threonine kinases 
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(eSTKs) and their cognate phosphatases (STPs) as mediators of a variety of critical bacterial 

processes. Most of these kinases belong to the same superfamily of Ser/Thr kinases that are 

widespread in eukaryotic organisms (i.e. “Hanks-type” kinases). Although many soil-

dwelling bacteria contain multiple Ser/Thr kinases with diverse domain architectures and 

functions, oral streptococci and enterococci generally contain only 1 such kinase encoded in 

a given genome, which is the focus of this review. The genomes of clinically relevant 

enterococci encode a single eSTK and its cognate STP, called IreK and IreP, respectively 

(originally PrkC and PrpC), in E. faecalis (Stk and StpA, respectively, in E. faecium) 

(Kristich et al., 2007; Sacco et al., 2014).

IreK belongs to a family of eSTKs found throughout Actinobacteria and Firmicutes that 

exhibit a conserved bipartite domain architecture (Figure 1) in which the cytoplasmic kinase 

domain is separated by a transmembrane segment from an extracellular module containing a 

variable number of penicillin-binding and Ser/Thr kinase-associated (PASTA) domains, 

leading to their designation as “PASTA kinases” (Hanks and Hunter, 1995; Hanks et al., 

1988; Janczarek et al., 2018; Krupa and Srinivasan, 2005; Pereira et al., 2011; Stancik et al., 

2018). The number of PASTA domains in a given PASTA kinase (anywhere from 1 to 5) 

varies in different bacterial species (Calvanese et al., 2017; Jones and Dyson, 2006; Yeats et 

al., 2002). For example, IreK of E. faecalis possesses 5 PASTA domains, while the PASTA 

kinase ortholog in E. faecium possesses 4 and that of Streptococcus pneumoniae possesses 3 

PASTA domains. Sequence analyses by Calvanese et al. (2017) identified PASTA kinase 

homologs in the databases containing only 1 or 2 PASTA domains, but thus far most 

experimental research has focused on PASTA kinases that contain between 3 and 5 PASTA 

domains. It is unclear why most PASTA kinases possess multiple PASTA domains, or why 

different PASTA kinases possess different numbers of PASTA domains, but a bioinformatic 

analysis by Jones and Dyson (2006) reported that among mycobacterial PASTA kinases a 

given PASTA domain of a PASTA kinase has a closer phylogenetic relationship with the 

equivalent PASTA domain from homologous PASTA kinases than with the other PASTA 

domains within the same kinase, suggesting that there may be evolutionary pressure to 

maintain functional differences among distinct PASTA domains of PASTA kinases.

IreP belongs to a superfamily of PP2C-type phosphatases that require divalent cations (e.g. 

manganese) for activity. Like PASTA kinases, IreP homologs are encoded in the genomes of 

most Gram-positive bacteria, where the phosphatase gene is typically located immediately 

upstream of the PASTA kinase gene. In E. faecalis, the genes encoding IreP and IreK 

overlap by a few codons, suggesting they are translationally coupled to maintain the 

appropriate stoichiometry in the cell. Indeed, the phosphatase- and PASTA kinase-encoding 

genes have been found to be co-transcribed in numerous bacteria, including oral streptococci 

(Absalon et al., 2009; Agarwal et al., 2011; Beltramini et al., 2009; Gaidenko et al., 2002; 

Hussain et al., 2006; Jin and Pancholi, 2006; Madec et al., 2002; Novakova et al., 2005; 

Rajagopal et al., 2003) suggesting that they comprise key components of a finely tuned 

regulatory circuit. IreP homologs are known to dephosphorylate both their cognate PASTA 

kinase as well as other kinase substrates, regulating the activation of the PASTA kinase itself 

as well as the activity of the downstream signaling network as a whole (Beltramini et al., 

2009; Debarbouille et al., 2009; Ohlsen and Donat, 2010; Pereira et al., 2011; Shi, 2009). 

Mutations in the phosphatases lead to defects in cell division, growth, survival and virulence 

Djorić et al. Page 3

Mol Oral Microbiol. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Burnside et al., 2010; Gaidenko et al., 2002; Rajagopal et al., 2003; Sharma et al., 2016), 

phenotypes which are probably mediated by dysregulated and unconstrained activity of the 

cognate PASTA kinase.

This review will discuss what is known about the PASTA kinase of enterococci, including its 

role in regulating enterococcal physiology and antimicrobial resistance, mechanisms of 

IreK-mediated signal transduction, and will discuss gaps in knowledge to be addressed in 

future research.

IreK in enterococcal physiology

IreK of E. faecalis (originally known as PrkC) was first described by Kristich et al. (2007) 

and shown to be important for cellular morphology, antibiotic resistance and short-term 

persistence in the intestine of mice. A deletion of ireK resulted in decreased resistance to a 

number of cell-wall targeting antimicrobial agents, especially cephalosporins (members of 

the beta-lactam family of cell wall-targeting antibiotics). The ΔireK mutant also exhibited 

decreased resistance to other agents that impact the cell envelope such as bile, sodium 

cholate, and sodium dodecyl sulfate (SDS). Later studies demonstrated that the ΔireK 
mutant also exhibited decreased resistance to lysozyme and nisin, agents that target the 

peptidoglycan (PG) and its biosynthesis, respectively (Banla et al., 2018; Hall et al., 2013; 

Labbe and Kristich, 2017). Nisin is a bacteriocin, and although a role for IreK in resistance 

to bacteriocins has not been investigated broadly, it seems likely given the importance of 

IreK in cell wall stress resistance that IreK would also be critical for survival of E. faecalis in 

the oral cavity that is rich in bacteriocin-producing streptococci. Overall, the diversity in 

molecular structure and mechanism of action of these antimicrobials suggests that IreK 

likely responds to perturbation of the membrane or the cell wall, rather than to a specific 

antimicrobial compound. The kinase activity of IreK per se is required for resistance to cell-

wall stress and long-term mammalian gut colonization (Banla et al., 2018; Hall et al., 2013; 

Kristich et al., 2011), because a mutant version of the kinase carrying a lysine-to-arginine 

substitution of a critical lysine residue within the kinase domain that impairs kinase activity 

phenocopied the ireK deletion. Substitution of the equivalent lysine residue in PASTA 

kinases from other organisms also impairs their activity (Duran et al., 2005; Kang et al., 

2005; Madec et al., 2002; Novakova et al., 2005). Together, these findings suggest IreK 

senses environmental stresses that impact the cell wall, resulting in upregulation of IreK 

kinase activity to promote an adaptive biological response.

PASTA kinases of other bacteria also appear to play a role in cell wall homeostasis and may 

respond to PG fragments or lipid II (precursor used for extracellular PG synthesis) to elicit a 

signaling cascade (Hardt et al., 2017; Lee et al., 2010; Maestro et al., 2011; Mir et al., 2011; 

Shah et al., 2008; Squeglia et al., 2011). The role for IreK in resistance to antimicrobials, in 

particular antimicrobials targeting the cell wall, is also widely conserved among homologous 

PASTA kinases of other bacteria; the pattern of specific antibiotics and extent of resistance 

that depends on the PASTA kinase varies among different species (Beltramini et al., 2009; 

Cameron et al., 2012; Cuenot et al., 2019; Pensinger et al., 2016). The E. faecalis ΔireK 
mutant exhibits altered morphology (i.e. chains of bacteria instead of the typical diplococci), 

suggesting a role for IreK in cell shape and possibly cell division. PASTA kinases of other 
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bacteria, including oral streptococci, have also been implicated in cell division and 

morphology, because the kinase deletion mutants often exhibit aberrant division and cell 

shape phenotypes (Banu et al., 2010; Burnside et al., 2010; Chaba et al., 2002; Giefing et al., 

2008; Hussain et al., 2006; Jin and Pancholi, 2006; Rajagopal et al., 2003) PASTA kinases 

have been shown to interact with cell division machinery and to localize to sites of cell 

division (Beilharz et al., 2012; Giefing et al., 2010; Rued et al., 2017), suggesting a 

mechanism by which PASTA kinases could influence cell division and morphology.

Additionally, PASTA kinases have been implicated in virulence, toxin production, biofilm 

production, and even cellular viability among low-GC Gram-positive bacteria, including oral 

streptococci (Beilharz et al., 2012; Beltramini et al., 2009; Burnside et al., 2010; Chawla et 

al., 2014; Fernandez et al., 2006; Hussain et al., 2006; Jin and Pancholi, 2006; Kang et al., 

2005; Pensinger et al., 2014; Rajagopal et al., 2003). IreK is required for long-term 

enterococcal colonization of the mammalian gut (Banla et al., 2018), and other PASTA 

kinases have been shown to be important for persistence and virulence in the host as well 

(Banu et al., 2010; Bugrysheva et al., 2011; Debarbouille et al., 2009; Hussain et al., 2006; 

Pensinger et al., 2016; Rajagopal et al., 2003). Together, the central nature of PASTA kinases 

in a variety of critical cellular processes collectively suggest that PASTA kinases might be 

valuable therapeutic targets. The activity of PASTA kinases, including IreK, can be 

modulated pharmacologically (Fernandez et al., 2006; Hall et al., 2013; Lougheed et al., 

2011; Pensinger et al., 2014; Schaenzer et al., 2017; Shah et al., 2008; Wang et al., 2017b; 

Xu et al., 2017), stimulating efforts to identify specific inhibitors with the goals of using 

them therapeutically. Generally, this has been done by screening libraries of small molecule 

kinase inhibitors against wild-type strains of bacteria to identify inhibitors that lead to 

reduced resistance to beta-lactam antibiotics. One of the main considerations is that the 

therapeutic must be specific for a PASTA kinase of a given species to avoid targeting other 

bacteria and, especially, host eSTKs. Some compounds fitting that criteria have already been 

identified and are currently under investigation (Pensinger et al., 2014; Schaenzer et al., 

2018; Schaenzer et al., 2017).

IreK architecture

IreK and other PASTA kinases exhibit a conserved bipartite domain architecture that defines 

the family (Figure 1). These kinases consist of (i) an intracellular catalytic kinase domain 

that belongs to the Hanks-type superfamily; (ii) a ‘linker’ segment (often referred to as a 

‘juxtamembrane’ domain) of ~60 residues that connects the kinase domain to the 

transmembrane helix; (iii) a transmembrane domain; and (iv) a series of extracellular 

PASTA domains (5 PASTAs in IreK). The precise molecular function of PASTA domains is 

not well understood; however, the prevailing model proposes that PASTA domains of 

PASTA kinases serve as ligand-binding domains that recognize the molecular signal(s) 

responsible for triggering kinase activity. As the name implies, PASTA domains are 

generally found in eSTKs (i.e. PASTA kinases) and penicillin-binding proteins (PBPs; 

enzymes that catalyze the final steps of PG assembly) of Gram-positive bacteria. There are 

only low levels of primary sequence similarity between distinct PASTA domains in a given 

PASTA kinase, but strong structural similarity, suggesting that there may be functional 

similarity as well (Yeats et al., 2002). Structural studies, including NMR, X-ray 
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crystallography and modeling studies, on isolated PASTA modules (or fragments thereof) 

from several PASTA kinases have suggested that successive PASTA domains adopt an 

extended, rigid conformation that has been hypothesized to facilitate ligand binding and 

dimerization of the kinase (Barthe et al., 2010; Paracuellos et al., 2010; Pereira et al., 2011; 

Prigozhin et al., 2016; Ruggiero et al., 2012). However, structural evidence for ligand-

mediated changes in PASTA module conformation has not yet been reported.

PASTA domains have been proposed to sense cell envelope stress , possibly through 

interactions with PG fragments or cell wall precursor lipid II, or by directly binding to 

antibiotics (Hardt et al., 2017; Kaur et al., 2019; Lee et al., 2010; Maestro et al., 2011; Mir et 

al., 2011; Righino et al., 2018; Shah et al., 2008; Squeglia et al., 2011; Wang et al., 2017a). 

Studies using either in vitro techniques to assess interactions or docking models proposed 

interactions between PASTA domains and PG fragments (Lee et al., 2010; Maestro et al., 

2011; Mir et al., 2011; Paracuellos et al., 2010; Righino et al., 2018; Squeglia et al., 2011). 

A specific residue at the third position of the peptide side chain of PG fragments (m-DAP) 

was required to initiate a signal for exiting dormancy by the PASTA kinases of Bacillus 
subtilis and Mycobacterium tuberculosis (Lee et al., 2010; Mir et al., 2011; Shah et al., 

2008), supporting the model that PG fragments serve as specific ligands for recognition by 

PASTA domains. However, in many cases the reported Kd values for PG fragment-PASTA 

interactions are in the high micromolar, and in some cases millimolar, range (Kaur et al., 

2019; Lee et al., 2010; Maestro et al., 2011; Mir et al., 2011; Squeglia et al., 2011), although 

some interactions in the lower micromolar range (~12-70 μM) have been identified as well 

(Mir et al., 2011; Paracuellos et al., 2010; Wang et al., 2017a). It remains to be determined 

whether interactions with relatively low binding affinities are biologically relevant for the 

function of the kinase. Studies of Staphylococcus aureus and M. tuberculosis PASTA kinases 

revealed that the cell wall precursor lipid II acts as a ligand, and that its effects are dependent 

on the composition of the stem peptide (Hardt et al., 2017; Kaur et al., 2019). In these cases, 

interaction with lipid II resulted in activation of the kinase.

To assess the importance of PASTA domains for function of E. faecalis IreK, Labbe et al. 

(2017) constructed a panel of IreK mutants lacking individual PASTA domains. The panel 

included a series of mutants in which PASTA domains were successively truncated, as well 

as mutants in which each of the 5 individual PASTA domains was uniquely removed. 

Analysis of IreK function in the collection of mutants revealed several findings: (i) no 

individual PASTA domain is essential for IreK function; (ii) a mutant with as few as one 

PASTA domain retained the ability to respond to cell wall stress and mediate cephalosporin 

resistance; (iii) a mutant lacking all 5 PASTA domains was unable to respond to 

cephalosporin stress or mediate wild-type cephalosporin resistance; and (iv) the mutant 

lacking all 5 PASTA domains retained normal activity during exponential growth conditions 

in the absence of stress (Labbe and Kristich, 2017). Collectively these results indicate that 

the extracellular PASTA domains of IreK are, at least partly, functionally redundant with 

each other, and are required for IreK to be activated by cell wall stress imposed by 

antibiotics that impair PG synthesis. However, the PASTA domains do not appear to be 

necessary for IreK to respond to all stimuli. Labbe et al. (2017) showed that growth 

inhibition, independent of the presence of any antibiotic, leads to deactivation of IreK 

signaling. Hence, in addition to antibiotic-mediated cell wall stress, IreK is activated by 
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another signal related to ongoing cell growth or division. Because the IreK mutant lacking 

all 5 PASTA domains retained this ability, it appears IreK is able to receive sensory input via 

both PASTA-dependent and PASTA-independent means. It remains unclear how, 

mechanistically, IreK is activated by growth or division, or what domain of IreK is important 

for this function. Whether or not the transmembrane segment possesses specific functions, 

such as responding to a growth-related signal, remains unknown for IreK and other PASTA 

kinases. However, other PASTA kinases are known to localize to sites of cell division and 

physically interact with the cell division machinery (Beilharz et al., 2012; Fleurie et al., 

2014; Giefing et al., 2010; Hardt et al., 2017; Jarick et al., 2018; Mir et al., 2011; Morlot et 

al., 2013; Pompeo et al., 2018; Pompeo et al., 2015), suggesting that such interactions could 

be a source of sensory input to activate IreK.

The juxtamembrane linker is a conserved feature of the architecture of PASTA kinases, but 

its function is poorly understood. Phosphorylation at sites within the juxtamembrane linker 

of PASTA kinases has been described, but the contribution of phosphorylation at these sites 

to signal transduction has, in most cases, not been elucidated (Boitel et al., 2003; Duran et 

al., 2005; Madec et al., 2003; Young et al., 2003). When phosphorylated on its 

juxtamembrane linker, the PASTA kinase of M. tuberculosis was shown to interact with 

FhaA, a ForkHead Associated (FHA)-domain containing protein that is involved in PG 

synthesis (Roumestand et al., 2011; Viswanathan et al., 2017). However, it is unclear how, or 

if, that interaction modulates the activity of FhaA or the PASTA kinase itself. Labbe et al. 

(2019) identified 2 sites of phosphorylation on the juxtamembrane linker of IreK (Labbe et 

al., 2019). Mutations (either phospho-ablative: threonine to alanine, or phospho-mimetic: 

threonine to glutamate) at the two phosphorylation sites in the IreK juxtamembrane linker 

did not have an impact on enterococcal cephalosporin resistance, indicating that 

phosphorylation of those residues does not play a role in this response. Moreover, sequence 

analysis indicates the E. faecalis genome does not encode any FHA domain-containing 

proteins. Thus, additional work is required to elucidate the function of the IreK 

juxtamembrane linker domain.

The cytoplasmic kinase domains of PASTA kinases are the most highly conserved domains 

and belong to the superfamily of Hanks-type kinases that are widespread in eukaryotic 

organisms. These kinases adopt a two-lobed structure with a flexible ‘activation loop’ 

positioned at the interface of the two lobes, near the kinase active site located in the cleft 

between the lobes. Phosphorylation of the activation loop is a common feature of PASTA 

kinases and has been thought to be required for kinase activation in vivo (Boitel et al., 2003; 

Bryant-Hudson et al., 2011; Madec et al., 2002; Nolen et al., 2004; Shakir et al., 2010; 

Young et al., 2003), although most studies of PASTA kinase phosphorylation focus on the 

kinase in vitro, with an exception where a surrogate strain is used as an in vivo host (Zheng 

et al., 2018). Labbe et al. (2019) identified 5 sites of phosphorylation on the kinase domain 

of IreK: three in the activation loop (T163, T166, T168) and 2 in the kinase catalytic core 

(T148 and T218). Mutations at T148 in the catalytic core of IreK did not have an impact on 

cephalosporin resistance, and the function of phosphorylation at this site remains unknown. 

Phospho-ablative mutations at sites on the activation loop (T163, T166, T168) resulted in 

loss of both IreK phosphorylation and activity (i.e. phosphorylation of substrates), and 

decreased cephalosporin resistance, indicating that phosphorylation of the activation loop 

Djorić et al. Page 7

Mol Oral Microbiol. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



residues is important for kinase function in vivo (Kristich et al., 2011; Labbe et al., 2019). 

No specific site on the activation loop was obviously more important than any other, and the 

effect of phosphorylation at multiple sites appeared to be additive (Labbe et al., 2019).

Modifications of IreK at T218 in the helical lobe exhibited reciprocal effects on 

phosphorylation of IreK, on IreK activity, as well as on cephalosporin resistance. In contrast 

to substitutions on the activation loop, phospho-ablative mutation of T218 to alanine resulted 

in increased phosphorylation of the kinase and increased cephalosporin resistance, while 

phospho-mimetic mutation of T218 to glutamate resulted in decreased phosphorylation of 

the kinase and a subsequent decrease in cephalosporin resistance. Analysis of combinatorial 

substitutions at both T218 and the activation loop indicated that phosphorylation at T218 

serves to modulate the extent of phosphorylation on the activation loop, thereby regulating 

overall activity of the kinase. This data supports the idea that phosphorylation of T218 

represents a negative feedback mechanism to regulate IreK activity. More studies are 

necessary to further explore the mechanism of T218 regulation of IreK activity in vivo.

Mechanism of IreK signal transduction

The prevailing model in the literature for signaling by PASTA kinases invokes ligand 

binding by the extracellular PASTA domain(s) to promote kinase dimerization. Upon 

dimerization, the kinases are proposed to autophosphorylate efficiently on their activation 

loops, resulting in kinase activation and subsequent phosphorylation of downstream 

substrates (Figure 2). The model is based in part on studies of PASTA kinase fragments in 
vitro where it has been demonstrated that dimerization of the kinase stabilizes the unit and 

enhances autophosphorylation (Gay et al., 2006; Greenstein et al., 2007; Lombana et al., 

2010; Mieczkowski et al., 2008; Young et al., 2003) and mutations within those dimerization 

domains resulted in decreased substrate phosphorylation both in vitro and in vivo (Lombana 

et al., 2010). However, it is important to note that many aspects of this model have not been 

tested explicitly, especially using full-length PASTA kinases in live cells under physiological 

conditions. Our work on IreK has begun to define the mechanism of PASTA kinase signaling 

under physiologically relevant conditions.

Labbe et al. (2017) analyzed phosphorylation and activation (i.e. substrate phosphorylation) 

of full-length IreK in live cells of E. faecalis. This study demonstrated that IreK is activated 

by extracellular stressors that perturb the integrity of the cell wall (i.e. antimicrobials) in 
vivo. Wild-type E. faecalis cells treated with cephalosporins, vancomycin, or lysozyme 

exhibited increased phosphorylation of IreK itself as well as an IreK substrate (IreB), 

consistent with the proposed model. Mutagenesis studies of IreK revealed that sites of 

phosphorylation on the activation loop of IreK, as well as presence of the extracellular 

PASTA domains, are required both for elevated IreK phosphorylation as well as enhanced 

phosphorylation of substrate to occur (Labbe et al., 2019; Labbe and Kristich, 2017). 

Moreover, a genetic defect that compromised cell wall integrity also led to activation of 

IreK. In contrast, treatment with an antimicrobial that does not affect cell wall synthesis did 

not result in activation of IreK. Hence, these results indicate that the mechanism of IreK 

signaling aligns with the proposed model, an important validation using full-length kinase in 
vivo. Ligand-dependent dimerization of IreK (or other PASTA kinases) has not yet been 
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demonstrated in vivo, and remains one of the important untested features of the model 

shown in Figure 2.

Although PASTA kinases are key components required to respond to cell wall stress, the 

kinases do not function alone. Rather, the output of the signaling system is coordinately 

regulated in partnership with the cognate phosphatase. In enterococci, the cognate 

phosphatase directly regulates the activity of the kinase by dephosphorylating it, as 

demonstrated by in vitro assays with purified proteins as well as in vivo (Kristich et al., 

2011; Sacco et al., 2014). Absence of the IreP phosphatase in E. faecalis cells leads to highly 

phosphorylated and overly active IreK (Labbe and Kristich, 2017), indicating there is not 

another phosphatase capable of dephosphorylating IreK. Absence of IreP leads to elevated 

resistance to antimicrobials, and to a marked loss of fitness relative to the wild-type in the 

absence of antimicrobials (Desbonnet et al., 2016; Kristich et al., 2011). Hence, unregulated 

IreK activity is detrimental to the cells, providing a rationale for the evolution of a tightly 

controlled signaling circuit. The phosphatase is also capable of dephosphorylating substrates 

that have been phosphorylated by IreK (Hall et al., 2013; Kellogg and Kristich, 2018; 

Kristich et al., 2011; Sacco et al., 2014) to terminate the biological response once it is no 

longer needed. Studies of PASTA kinases and their phosphatases in other bacteria support 

the hypothesis that an important role of the phosphatase is to regulate the activity of the 

kinase to ensure efficient functioning of this signaling system (Beltramini et al., 2009; 

Debarbouille et al., 2009; Ohlsen and Donat, 2010; Rajagopal et al., 2003). Whether (or 

how) the activity of the phosphatase itself is subject to regulation by environmental stimuli 

remains unknown. Our work (Kristich et al., 2011) suggested that the activity of IreP is 

modulated by IreK; in lysates from cells with a kinase in the “locked” active state, the IreP 

phosphatase activity observed was consistently lower, although a specific molecular 

mechanism to explain this effect has not been defined. In M. tuberculosis, there is evidence 

that the phosphatase can be directly phosphorylated by its cognate PASTA kinase (Sajid et 

al., 2011), but in that case the phosphorylation event enhanced the phosphatase activity 

instead of dampening it.

Substrates for phosphorylation by IreK

Numerous substrates have been described for PASTA kinases in the literature, which are 

involved in processes such as protein synthesis, cell division, cell wall synthesis, cell 

morphology, control of gene expression, and metabolism (Absalon et al., 2009; Hardt et al., 

2017; Hirschfeld et al., 2019; Leiba et al., 2012; Lima et al., 2011; Lomas-Lopez et al., 

2007; Novakova et al., 2010; Novakova et al., 2005; Pensinger et al., 2016; Pereira et al., 

2015; Rajagopal et al., 2005). Often these substrates have been identified using in vitro 
approaches, and there is variability with respect to the extent that they have been validated as 

authentic physiological substrates in vivo. For enterococci, two PASTA kinase substrates 

have been described: IreB and CroS. IreB is a negative regulator of cephalosporin resistance, 

as its deletion results in increased cephalosporin resistance (Hall et al., 2013). IreK 

phosphorylates IreB both in vitro and in vivo, and absence of phosphorylation due to 

phospho-ablative substitutions in IreB or to the absence of IreK resulted in reduced 

cephalosporin resistance, indicating that IreK-mediated phosphorylation of IreB relieves the 

inhibitory effect of IreB to promote cephalosporin resistance. IreB forms a dimer in solution, 
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and oligomerization appears to be required for its function (Hall et al., 2017). The specific 

biochemical mechanism by which IreB influences cephalosporin resistance in enterococci 

has not been defined, although a recent study indicated that an IreB homolog in Listeria 
monocytogenes regulates proteolytic degradation of a key enzyme in the PG synthesis 

pathway (Wamp et al., 2020).

IreK also phosphorylates CroS, the membrane-bound sensor kinase from a classical two-

component signaling system that mediates responses to cell wall stress in enterococci 

(Comenge et al., 2003; Hancock and Perego, 2004; Kellogg and Kristich, 2016; Kellogg et 

al., 2017; Muller et al., 2018). CroS phosphorylates its cognate DNA-binding response 

regulator, CroR, to regulate gene expression in response to a variety of antibiotics that 

trigger cell wall stress (Comenge et al., 2003; Kellogg and Kristich, 2016, 2018; Kellogg et 

al., 2017). Our work revealed that IreK enhances CroS/R-mediated gene expression in 

response to cell wall stress (and influences cephalosporin resistance) by phosphorylating a 

threonine in the CroS kinase domain to boost CroS-mediated phosphorylation of CroR 

(Kellogg and Kristich, 2018). PASTA kinases have been shown to influence two-component 

signaling systems in other bacteria (Canova et al., 2014; Fridman et al., 2013; Hardt et al., 

2017; Jers et al., 2011; Libby et al., 2015; Lin et al., 2009; Ulijasz et al., 2009), although in 

these cases typically it is the response regulator that is directly phosphorylated by the kinase 

rather than the sensor histidine kinase.

Gaps in knowledge

PASTA kinases are understudied signaling systems that regulate critical aspects of bacterial 

biology across a wide spectrum of diverse bacterial species, including antibiotic-resistant 

pathogens. Hence, there exists a compelling need to elucidate the underlying molecular 

mechanisms by which PASTA kinases monitor the condition or homeostasis of the bacterial 

cell wall to drive adaptive biological responses and preserve cell wall integrity and cell 

division. Several areas in need of further study are noted here.

Although we have validated several features of the prevailing model for PASTA kinase 

signaling, much remains to be learned about the molecular actions used by PASTA kinases 

to detect their stimuli and transmit that information across the membrane to trigger signaling 

inside the cell. For example, it is unclear what the physiological ligand(s) is that is 

recognized by IreK (PG fragments, lipid II, etc.?), or whether IreK recognizes multiple 

different ligands via distinct PASTA domains. The dynamics of the IreK PASTA module in 
vivo (i.e. the conformation(s) the PASTA module adopts in cells), has not been investigated. 

Moreover, it is unclear if, or how, IreK dimerization impacts signaling. We need to 

determine if IreK dimerizes at all, if it does so in a ligand-dependent manner, and if 

dimerization is indeed necessary for signaling. Beyond dimerization, investigation into 

whether IreK localizes to specific subcellular sites, and if that localization is dynamic or 

important for signaling is needed. Further study on the role of phosphorylation of IreK at 

sites other than the kinase activation loop are needed to decipher the role of these 

modifications, and more broadly the function of the juxtamembrane linker domain remains 

largely a mystery.
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Given the critical requirement for careful tuning of PASTA kinase vs. phosphatase activity to 

maintain appropriate signaling output, regulation of phosphatase activity is another area that 

requires further investigation. Early studies suggest that the phosphatases may be regulated, 

but there is currently no clear evidence to suggest what controls phosphatase activity. The 

phosphatases are challenging to study due to the fact that they can dephosphorylate the 

PASTA kinases themselves (reducing kinase activity) but also dephosphorylate downstream 

substrates. Deconvoluting those effects from each other must be done to get a better 

understanding of how phosphatase regulation occurs and how that contributes to the overall 

regulation of the PASTA kinase signaling pathway.

Lastly, although we have identified 2 physiological substrates for phosphorylation by IreK in 

E. faecalis, our preliminary data suggest that there are likely to be additional substrates. 

Identifying those substrates and elucidating the functional effects of IreK-mediated 

phosphorylation on their activities will be necessary to fully understand the integrated role 

of IreK in enterococcal biology.
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Figure 1. Domain architecture of PASTA kinases.
PASTA kinases contain a cytoplasmic, N-terminal two-lobed kinase domain, a 

juxtamembrane domain (sometimes referred to as a ‘linker’) of ~60 amino acids, a single 

transmembrane domain, and a variable number of extracellular PASTA domains. Shown is a 

representation of IreK from E. faecalis, which contains 5 PASTA domains. The activation 

loop is a centrally located structural feature of the well-conserved kinase domains that 

becomes phosphorylated upon activation of the kinase.
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Figure 2. Model for PASTA kinase activation and signal transduction.
(A) In the absence of a signal, PASTA kinases are proposed to occupy an inactive state (i.e. 

unphosphorylated, monomeric). Upon binding to an extracellular ligand (hexagon), the 

kinase dimerizes (B) which results in autophosphorylation on the activation loops of 

intracellular kinase domains, activating the kinase for robust phosphorylation of downstream 

substrates (C) to elicit an adaptive biological response. The cognate phosphatase (IreP in E. 
faecalis) dephosphorylates IreK and phosphorylated substrates, shutting off the signaling 

cascade (D).
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