
INTRODUCTION         1 

 Pathogenic bacteria survive and replicate within specific host environments and have 2 

evolved adaptations that allow them to establish infection within their particular infectious niche. 3 

One such environment is the host cytosol, which has previously been shown to be restrictive for 4 

non-adapted bacteria (1). Host cells have innate immune responses that defend against non-5 

cytosol-adapted bacteria (2,3). While studies have been done that evaluate response to host 6 

defenses in pathogens that replicate in the specialized vacuoles, little is known about the specific 7 

molecular mechanisms used by intracellular bacteria to survive under the restrictive environment 8 

within the cytosol. Additionally, it is unclear how these bacteria are able to sense cytosolic stress 9 

in order to promote infection in this particular niche. To better development treatments for 10 

intracellular bacterial infection’s it is essential to understand and characterize how intracellular 11 

pathogens live and replicate in the cytosol.      12 

 Listeria monocytogenes (Lmo) is a pathogen that possesses specific adaptations that allow 13 

it to survive in the cytosol and continue its infectious lifecycle there (4). Lmo is a Gram-positive 14 

intracellular facultative pathogen that most commonly is consumed through contaminated food. 15 

(5). Once ingested, Lmo invades through the gut and can infect various tissues throughout the 16 

body leading to the systemic disease listeriosis (5). Listeriosis has a 20-30% mortality rate 17 

despite available antibiotic treatment and is the third leading cause of death from foodborne 18 

illness, suggesting there is still a need for research into more effective treatments (6,7). 19 

Listeriosis is especially dangerous for at-risk populations, including immunocompromised, 20 

pregnant, and elderly individuals (6).        21 

 Lmo has a well-established intracellular lifecycle, making it optimal for studying bacterial 22 

pathogenesis, cell biology, and immunology (8,9). Lmo enters cells by using internalin proteins 23 



to facilitate receptor-mediated endocytosis or is engulfed through phagocytosis (10,11). Inside 24 

the phagosome, Lmo secretes the pore forming toxin and virulence factor Listeriolysin O (LLO), 25 

encoded by the hly gene, to escape the primary phagosome (12). Upon entry into the cytosol, 26 

Lmo upregulates expression of the cell surface protein ActA, allowing Lmo to utilize host actin 27 

for actin-based motility to promote cell-to-cell spread (13). Lmo again uses LLO and two 28 

phospholipases (PlcA/B) to escape the secondary vacuole that is formed when Lmo enters a new 29 

cell (14, 15), allowing the bacterium to perpetuate infection in a tissue. Although the intracellular 30 

lifestyle of Lmo has been well characterized, our understanding of the adaptations used to 31 

survive once it reaches the cytosol remains limited.      32 

 One way that bacteria are able to sense their surroundings is through kinases that create a 33 

signal transduction response. In some species of bacteria eukaryotic-like serine/threonine kinases 34 

(eSTKs) are able to sense stress in the host and then phosphorylate downstream substrates (16). 35 

A subset of eSTKs have extracellular penicillin-binding domains that bind fragments of 36 

peptidoglycan and are known as Penicillin-Binding Protein And Serine/Threonine Kinase-37 

Associated (PASTA) kinases (17).  PASTA kinases are conserved in single copy in many 38 

Firmicutes and Actinobacteria (18) including Bacillus subtilis (19, 20), Staphylococcus aureus 39 

(21-23), Enterococcus faecalis (24, 25), Mycobacterium tuberculosis (26), and Streptococcus 40 

pneumoniae (27) and are associated with a wide variety of functions (22-24, 28-31). One role of 41 

PASTA kinases is to maintain cell wall homeostasis under cell wall stress (28, 32-36). PASTA 42 

kinase mutants in a variety of species display increased susceptibility to cell wall-targeting 43 

antibiotics (22, 24-25, 28, 35, 37). PASTA kinases are also involved in the response to stress 44 

imposed by host defense mechanisms, including lysozyme and LL-37 (38, 39). In line with these 45 

latter observations, PASTA kinases are also important for virulence (12, 22-23, 29, 35). 46 



 The PASTA kinase in Lmo, named PrkA, is essential for the response to cell wall stress, 47 

cytosolic survival, and virulence (35, 40). A mutant lacking prkA is hypersusceptible to β-lactam 48 

antibiotics, antibiotics that work by inhibiting cell wall biosynthesis during the final steps of 49 

peptidogycan synthesis (41), demonstrating that PrkA plays a role in cell wall stress response in 50 

Lmo (35, 40). Similarly, pharmacologic inhibition of PrkA in Lmo leads to an increased 51 

susceptibility to β-lactams (40). Because β-lactam antibiotics are a common treatment for Gram-52 

positive bacterial infections (42), our lab and others have explored targeting PASTA kinases in 53 

Lmo and other species as part of a combination therapy to counter the rise of β-lactam resistance 54 

in major pathogens (43-45). A ΔprkA mutant has an increase in susceptibility to β-lactam and 55 

other cell wall targeting antibiotics (35). Additionally, a ΔprkA mutant lyses more frequently in 56 

the cytosol of host cells ex vivo and exhibits decreased intracellular growth compared to wild-57 

type Lmo (35), supporting the hypothesis that PrkA is essential to Lmo intracellular survival and 58 

replication. In a mouse model of listeriosis, ΔprkA is cleared by 48 hours post infection while 59 

wild-type burdens increase (35), revealing that PrkA is necessary to maintain Lmo infection in a 60 

host and is important for virulence. These findings demonstrate the importance of PrkA and the 61 

need to better characterize how PrkA activity affects cytosolic survival. We hypothesized that 62 

ΔprkA mutant phenotypes are a result of misregulation of downstream targets and pathways. 63 

Finding the targets of PrkA would elucidate specific pathways and mechanisms important for 64 

survival of Lmo in the cytosol. However, the downstream targets of PrkA remain largely 65 

unknown.  66 

 To find targets of PrkA, we performed a phosphoproteomics screen under β-lactam stress 67 

and identified ~50 putative phosphosubstrates of PrkA (data not shown). Among the most 68 

abundant PrkA targets was GpsB, a conserved cell division protein (data not shown). GpsB is 69 



involved in regulating the cell wall in Gram-positive bacteria through the modulation of 70 

peptidoglycan synthesis (46). GpsB was initially identified and characterized in Bacillus subtilis 71 

(46) where it was shown that ΔgpsB mutants have defects in cell wall synthesis, division, and 72 

growth under high salt (46, 47). GpsB homologs have already been shown to be regulated by 73 

PASTA kinases (47-48). In B. subtilis, the PASTA kinase PrkC regulates a cell division complex 74 

by phosphorylating GpsB causing autophosphorylation of the kinase and allowing PrkC to 75 

become active (47). Additionally, in S. pneumoniae, GpsB complexes with the PASTA kinase 76 

StkP and acts as a switch between cell division and PG synthesis (48). Both models suggest 77 

potential interactions between GpsB and the PASTA kinase PrkA in Listeria.  78 

 GpsB is hypothesized to be conditionally essential in Lmo. A ∆gpsB mutant cannot grow 79 

at 42°C and has a growth defect at 37°C (49) but grows similar to wild-type at 30°C. 80 

Additionally, it was found at 42o C that ΔgpsB mutant suppressors arise at high frequency to 81 

correct this growth defect (50). Spontaneous suppressors of GpsB that have been identified in 82 

Lmo that lead to the stabilization of MurA, an enzyme involved in the first step of peptidoglycan 83 

synthesis (51). These suppressor mutations allow for influx of cell wall metabolites through this 84 

pathway to compensate for loss of GpsB (50). In addition to its temperature sensitive phenotype 85 

in Lmo, a ΔgpsB mutant has increased susceptibility to fosfomycin and penicillin, two cell wall-86 

targeting antibiotics (49-50). GpsB regulates Penicillin-Binding Protein A1 (PBP A1) (49) in 87 

Lmo, a bifunctional enzyme with both glycosyltransferase and transpeptidase activities to 88 

polymerize and cross-link peptidoglycan (47), through interaction with the N-terminal domain of 89 

GpsB and PBP A1 binding site (49). GpsB plays at least a partial role in regulating 90 

peptidoglycan (PG) synthesis through its interaction with PBP A1 as a Δpbpa1 mutant can 91 

partially suppress the ΔgpsB mutant phenotypes (49).  92 



 Here we aimed to study how GpsB affects the ability of Lmo to deal with cell wall stress 93 

and how this translates in Lmo virulence. A ΔgpsB mutant shows an increased susceptibility to 94 

cell wall-targeting antibiotics and increased cytosolic lysis. These phenotypes indicate GpsB is 95 

important for Lmo cytosolic replication and survival. We infected fibroblasts, an ex vivo 96 

virulence model, with a ΔgpsB mutant and saw no difference in virulence from the wild-type. 97 

Together these data suggest that GpsB is important for Lmo resistance to cell wall-targeting 98 

antibiotics and adaptation to the cytosolic environment.  99 

 100 

MATERIALS AND METHODS  101 

Bacterial strains, cloning, and growth conditions 102 

All Lmo strains were in the 10403s background. E. coli was grown at 37°C in LB or on LB + 103 

1.5% agar plates and frozen in LB + 40% glycerol. L. monocytogenes was grown at 37°C in 104 

brain heart infusion (BHI) broth or on BHI + 1.5% agar plates and frozen in BHI + 40% 105 

glycerol. E. coli XL1-Blue was used for sub-cloning and SM10 or S17 (52) was used for 106 

conjugation of plasmids into L. monocytogenes. The pKSV7-ΔprkA::erm plasmid was used to 107 

replace prkA with an erythromycin cassette to create the ΔprkA mutant (Kelliher, unpublished).  108 

The ΔgpsB mutant was created using pKSV7-oriT as previously described (53) to create an in-109 

frame in L. monocytogenes. pIMK2 was used to constitutively express gpsB from the pHelp 110 

promoter (54).  111 

 112 

Minimum inhibitory concentration assays 113 

Cultures were grown at 30°C with no shaking on a slant in BHI overnight. Cultures were then 114 

back-diluted 1:50 into 96-well plates containing 100 μl BHI and antibiotic. Each antibiotic was 115 



titrated out at a 1:2 serial dilution. Plates were grown at 37°C with continuous shaking for 12 116 

hours in a floor shaker. OD600 reads were taken at t=0 and t=12 hours in a BioTek Synergy 117 

Microplate HT Reader (BioTek Instruments, Inc., Winooski, VT). The highest antibiotic 118 

concentrations used were as follows: 1000 µg/ml fosfomycin, 16 µg/ml ceftriaxone, 4 µg/ml 119 

vancomycin, 0.5 µg/ml ampicillin, 4 µg/ml oxacillin, 10 µg/ml cefuroxime, 4 mg/ml lysozyme, 120 

and 20 µg/ml chloramphenicol.  121 

 122 

Growth assays  123 

Cultures were grown overnight in BHI at 30°C static on a slant. Cultures were inoculated at a 124 

1:50 ratio into 96-well plates containing 100 μl BHI. The plates were shaken for 12 hours with 125 

OD600 reads taken every fifteen minutes using an Eon™ High Performance Microplate 126 

Spectrophotometer (BioTek Instruments, Inc., Winooski, VT).  127 

 128 

Intracellular lysis assay                                                                                                               129 

The intracellular lysis assay was conducted as previously described (56). IFNAR-/- immortalized 130 

bone marrow-derived macrophages (BMDMs) were plated at 5 x 105  cells/well in a 24-well plate 131 

and incubated overnight. Cells were infected at an MOI of 10 with Lmo strains carrying the 132 

pBHE573 reporter construct. One hour after infection, media was removed and replaced with 133 

media containing 50 μg/ml gentamicin. Cells were incubated for another five hours and then 134 

lysed. Luciferase activity was measured as previously described (56).                                                                         135 

                      136 

Plaquing Assay                                                                                                                             137 

1.2 x 106 L2 fibroblast cells/well were plated in a 6-well plate and incubated overnight. Cells 138 



were infected with bacterial cultures (grown overnight in BHI at 30°C on a slant) at an MOI of 139 

0.1. After a one-hour incubation, cells were washed and 3 ml of an agarose mix (1.4% agarose, 140 

L2 media, 50 μg/ml gentamicin) were added to each well. On day three, an additional agarose 141 

plug was added over the original plug in each well. The plates were incubated until plaques were 142 

a desirable size (about 4-5 days), then the agarose plug was removed and cells were stained with 143 

0.3% crystal violet. Plaque size was measured using ImageJ.  144 

 145 

RESULTS 146 

GpsB is important for growth at high temperatures.  147 

Our preliminary phosphoproteomics data suggested that GpsB is a substrate of PrkA in 148 

the context of cell wall stress (Kelliher, unpublished). To further characterize the role GpsB in 149 

cell wall stress responses and infection we made a ∆gpsB mutant in Lmo 10403s. Consistent with 150 

previous reports (49), at 42°C there was a significant decrease in the growth of the ∆gpsB mutant 151 

compared to wild-type (Fig. 1b) that was absent when the same strains were grown at 37°C (Fig. 152 

1a). When a wild-type copy of gpsB was expressed in trans from the vector pIMK2, the defect of 153 

∆gpsB was rescued back to wild-type levels (Fig. 1b). Consistent with previous results (Kelliher, 154 

unpublished), a ∆prkA mutant had a growth defect compared to wild-type at 37°C (Fig. 1a). 155 

Additionally, a ∆prkA mutant was unable to grow at 42°C (Fig. 1b), consistent with PrkA’s 156 

hypothesized role in regulating GpsB function. This data further supports that GpsB is essential for 157 

growth at high temperatures and suggests that PrkA regulation of GpsB function is important for 158 

growth at high temperatures, a previously unappreciated function of PrkA. 159 

 160 

 161 



Deletion of gpsB causes a decrease in resistance to cell wall-targeting antibiotics  162 

Cell wall-targeting antibiotics are one stressor that can be used to measure a bacterium’s 163 

response to cell wall stress. Due to GpsB being identified as a target of PrkA, a kinase that 164 

regulates cell wall stress responses, we used multiple different cell wall-targeting antibiotics to 165 

test if deletion of gpsB affected antibiotic sensitivity by looking for changes in the minimum 166 

inhibitory concentration (MIC) of a ∆gpsB mutant compared to both wild-type and ∆prkA. When 167 

treated with the β-lactam ceftriaxone, the ∆gpsB mutant showed a 7-fold decrease in MIC and a 168 

140-fold decrease in MIC in the ∆prkA mutant (Fig. 2b). The β-lactam ampicillin, which is the 169 

antibiotic primarily used to treat Lmo infections in clinic (57), showed a 2-fold decrease in MIC 170 

in the ∆gpsB mutant and about a 16-fold decrease in MIC in the ∆prkA mutant (Fig. 2c).  171 

Since GpsB interacts with PBP A1, β-lactam antibiotics that are reported to target certain 172 

PBP proteins in Bacillus subtilis were tested (58). In B.subtilis cefuroxime is reported to be 173 

selective for the homologue PBP1a/1b (58); therefore, it is expected that in the absence of gpsB, 174 

there should be a more pronounced decrease in antibiotic susceptibility due to GspB’s interaction 175 

with PBP A1 compared to antibiotics that target other PBP proteins. Using cefuroxime an 8-fold 176 

decrease in MIC with the ∆gpsB mutant and 64-fold decrease in MIC with the ∆prkA mutant was 177 

observed (Fig. 2e). On the other hand, Oxacillin is hypothesized to be selective for PBP2a, 178 

PBP2b, and PBP4 in B.subtilis (58) and would not be expected to cause a striking increase in 179 

susceptibility in a ∆gpsB mutant. Treatment with oxacillin revealed about a 7-fold decrease in 180 

MIC of the ∆gpsB mutant and 21-fold decrease in MIC of the ∆prkA mutant compared to wild-181 

type (Fig. 2f). This did not support the hypothesis that antibiotics targeting PBP A1 would have a 182 

more a drastic affect than those that target other PBPs on the ∆gpsB mutant 183 



We also used antibiotics that target the cell by other mechanisms such vancomycin, a 184 

second-line agent used for listeriosis (57), which saw a 3-fold decrease in MIC in the ∆gpsB 185 

mutant with a similar fold change in susceptibility of the ∆prkA mutant (Fig. 2d) Fosfomycin, an 186 

antibiotic that inhibits cell wall synthesis during the first step of peptidoglycan thesis (59), was 187 

tested and supported previously published data that a ∆gpsB mutant in Lmo has increased 188 

susceptibility to fosfomycin when measuring inhibition zones using filter disks (49). A ∆gpsB 189 

mutant showed an increase in susceptibility with about a 2-fold decrease in MIC (Fig. 2a).  The 190 

∆prkA mutant also had an increase in susceptibility compared to both wild-type and the ∆gpsB 191 

mutant (Fig. 2a). GpsB has also been implicated in Lmo lysozyme resistance, a host enzyme that 192 

degrades the cell wall by targeting peptidoglycan (60), based on data showing deletion of gpsB 193 

caused an increase in lysozyme resistance (61). Conversely, here we observed that a ∆gpsB 194 

mutant exhibits a decrease in lysozyme resistance (Fig. 2g). The ∆prkA mutant had a similar fold 195 

decrease in MIC although not significantly different than ∆gpsB (Fig. 2g). As a control, 196 

chloramphenicol, an antibiotic whose mechanism of action does not target the cell wall but rather 197 

inhibits protein synthesis (62), showed no significant change in antibiotic susceptibility in either 198 

the ∆gpsB or ∆prkA (Fig. 2h).  199 

Overall, deletion of gpsB increased susceptibility to the antibiotics that directly target the 200 

cell wall, supporting the hypothesis that GpsB is important for responding to cell wall stress in 201 

Lmo. Deletion of prkA mirrored a similar trend as deletion of gpsB, but in comparison to ∆prkA, 202 

a ∆gpsB mutant was less sensitive to the antibiotics ceftriaxone, cefuroxime, oxacillin, and 203 

fosfomycin (Fig. 2a-b, 2e-f.) indicating prkA is more important for cell wall stress response in 204 

the presence of these antibiotics.  205 

 206 



GspB is important for Listeria monocytogenes cytosolic survival  207 

 The host cell cytosol is a restrictive environment, yet survival in the cytosol is an 208 

essential part of the Lmo lifecycle after initial escape from the phagosome. Based on previous 209 

work, it appears that the cytosol induces stress (35) making this assay a way to test stress 210 

response in vivo. We hypothesized that GpsB’s importance in the in vitro stress response would 211 

translate to importance in the stress response in mammalian cells and consequently alter 212 

cytosolic survival. A luciferase-based assay was used to measure intracellular bacteriolysis. An 213 

hly mutant encodes for the toxin LLO, required for initial escape from the phagosome. The 214 

absence of this gene prevents Lmo from gaining access to the cytosol (55) preventing lysis and 215 

thus acting as a negative control. Holin-lysin is an engineered strain encoding two proteins, holin 216 

and lysin, that cause lysis and are expressed upon entry to the cytosol (55) acting as a positive 217 

control for high lysis. Wild-type is known to lyse at relatively low levels in the cytosol (55), and 218 

a ∆prkA mutant has been previously shown to have an ~5-10-fold increase in lysis (35). The 219 

∆prkA mutant lysed at ~7-fold more than wild-type as expected (Fig. 3a). Compared to wild-type 220 

a ∆gpsB mutant lysed at ~8-fold higher (Fig. 3a). When gpsB was expressed in trans using the 221 

pIMK2-gpsB plasmid, the increase in lysis was recovered back to wild-type levels (Fig. 3b). This 222 

finding supports the hypothesis that GpsB is important for the cell wall stress response in cytosol 223 

and necessary for cytosolic survival. This increase in cytosolic lysis suggests a possible role in 224 

virulence.  225 

  226 

GpsB is dispensable for Listeria monocytogenes plaque formation 227 

Due to the increased cytosolic lysis of the ∆gpsB mutant, we hypothesized that GspB is 228 

important for continuation of Lmo infection after gaining cytosolic access and thus has an effect 229 



on virulence. We conducted a plaquing assay, an ex vivo virulence assay that cumulatively 230 

measures the Lmo intracellular lifecycle, including invasion, phagosomal escape, cytosolic 231 

survival, replication, actin motility, and escape from secondary vacuoles. Consistent with 232 

previous studies, a ∆prkA mutant did not form any plaques (35). The ∆gpsB mutant formed 233 

similarly sized plaques as wild-type (Fig. 4a-b). These results suggest gpsB is not necessary for 234 

cell-to-cell spread or bacterial replication in the cytosol as there is no difference in plaquing. 235 

Together with the bacteriolysis data, this suggests that while GpsB is important for survival in 236 

host cell cytosol, the lack of GpsB does not affect their ability to replicate and continue infection 237 

allowing for the formation of plaques.  238 

 239 

DISCUSSION 240 

 Listeria monocytogenes is specifically adapted to survive in the host cell cytosol. One 241 

target of PrkA, a previously identified cell wall sensing protein important for adaptation to the 242 

cytosol, is GpsB. Here, we have shown that GpsB, as well as its regulator PrkA, is required for 243 

growth at high temperatures. Additionally, we have shown that GpsB is important for cell wall 244 

stress response by examining the changes in cell wall targeting agent sensitivity when gpsB is 245 

deleted. Due to a change in stress response in vitro we hypothesized that a ∆gpsB mutant would 246 

affect cell wall stress response inside host cells. We showed that a ∆gpsB mutant lyses more 247 

often than wild-type Lmo in the cytosol. This finding indicates that GpsB is important for 248 

survival in the cytosol. Finally, we examined virulence ex vivo and found that the absence of 249 

gpsB did not affect Listeria’s ability to replicate and spread from cell to cell.  250 

 PrkA is important for cell wall synthesis and resistance to β-lactam antibiotics (35). Since 251 

PASTA kinases like PrkA are known to be master regulators of cell wall stress responses (27,32-252 



36), their downstream targets have a high probability in also playing a role in cell wall 253 

maintenance processes. Our data demonstrate that GpsB is a target of PrkA, which led to the 254 

hypothesis that GpsB is important for the cell wall stress response and β-lactam resistance as a 255 

target of phosphorylation by PrkA. Other groups have also shown that GpsB plays role in 256 

bacterial cell division (46,48-49) suggesting that independent of PrkA. GpsB may contribute to 257 

cell wall homeostasis. The increase in susceptibility to antibiotic stress revealed that GpsB is 258 

required for the cell wall stress response. Although the ∆gpsB mutant showed an overall trend in 259 

increased susceptibility to cell wall targeting antibiotics, it was not as pronounced as the ∆prkA 260 

mutant for the β-lactam antibiotics. This could be a consequence of β-lactams more directly 261 

targeting PrkA functions through inhibition of PBPs or a consequence of PrkA having many 262 

targets. Consistent with this hypothesis, some additional PrkA targets like YvcK also contribute 263 

to antibiotic resistance (35) and it is possible that other uncharacterized PrkA substrates play a 264 

role in cell wall homeostasis are inactive upon deletion of prkA. As previously mentioned, it has 265 

been observed that deleting gpsB causes an increase in lysozyme resistance (60). It is unknown 266 

why this was not observed this experiment. The published data and our experiments were done in 267 

different Lmo strain backgrounds, with the published replicate in EGE-e and this project done in 268 

the 10403s background. It is also possible the experimental methods and bacterial growth 269 

conditions played a role in differing outcomes.  270 

Deletion of gpsB showed that it is necessary for growth of high temperatures. 271 

Additionally, deletion of prkA resulted in complete inability to grow at 42°C which had not been 272 

previously known.  It is unclear why exactly GpsB is required for growth at 42°C. GpsB is known 273 

to play a role in cell wall synthesis through its interaction of PBP A1 (49). One possible 274 

explanation is that the absence of GpsB may cause PBP A1 misregulation that is more 275 



pronounced at high temperatures leading to the inability to grow and divide. It is unclear if the 276 

defect in growth of the ∆gpsB mutant is due to GpsB having a direct effect on growth due to its 277 

interactions with PBP A1 or if it is a result of phosphorylation by PrkA.  278 

  Based on published PBP inhibition data (58) we hypothesized that cefuroxime (PBP1a/b) 279 

would have a greater effect of antibiotic susceptibility than oxacillin (PBP2a, 2b, 4) due to 280 

GspB’s interaction with PBP A1 (58). This was not observed as both antibiotics caused a similar 281 

fold decrease in the MIC compared to wild-type. It is known that the existing technology to 282 

study PBP antibiotic specificity is flawed (63); therefore, it is possible that the antibiotics chosen 283 

had a broader action on PBPs in Lmo than expected. Additionally, since no studies done in 284 

Listeria could be found studying β-lactam PBP specificity, a study done in B.subtilis, an 285 

evolutionarily related species, was used. Because of this, the antibiotics chosen to target PBPs 286 

may not be accurate to the actual PBP interactions that occur in Listeria. 287 

 There was a significant increase in intracellular bacteriolysis when gpsB was deleted 288 

indicating GpsB is required for Lmo survival and replication upon researching the cytosol of 289 

macrophages. Increased cytosolic lysis indicates that GpsB is important for continuing cell to 290 

cell spread of Lmo and ultimately virulence. The formation of plaques upon infection of a 291 

monolayer of fibroblasts is one way to measure a bacterium’s ability to promote infection. Here, 292 

it would be expected that a ∆gpsB mutant would affect the ability of Lmo to form plaques, but 293 

we did not see this supported. It is unclear how mutants that lyse more frequently are able to 294 

continue to promote infection and form plaques similar in size to wild-type, but these contrasting 295 

phenotypes have been reported by the Sauer lab before (64). Plaque formation is only one way to 296 

measure virulence; thus, moving forward with other experiments that look at virulence and 297 

replication inside host cells may help to elucidate these opposite phenotypes. Specifically, lytic 298 



cell death (65) and intracellular growth assays (66) that have been routinely used in the lab to 299 

assess Lmo virulence at different stages of its replication cycle will be utilized. A lytic cell death 300 

assay will allow us to assess how much host cell death occurs after infection. Higher 301 

bacteriolysis in the cytosol suggests that GpsB may be important for evading inflammasome 302 

activation. Greater inflammasome activation and therefore higher host cell death would indicate 303 

GpsB is important for virulence. In an intracellular growth assay, we are able to assess if bacteria 304 

are able to replicate and cause infection in cells by taking hourly timepoints. Wild-type is able to 305 

increase in numbers over time but a ∆prkA mutant gets cleared (39). By seeing how ∆gpsB 306 

mutants grow in cells, we can better assess how these mutants are able to continue infection 307 

since. We have shown that some are killed and but it is unclear if the survivors are able to 308 

continue infection which would indicate an importance in virulence.  309 

 The most pressing future direction is to assess the impact of PrkA phosphorylation on 310 

GpsB function. By comparing a ∆gpsB ∆prkA double mutant to both the ∆gpsB and ∆prkA single 311 

mutants, we can assess how the phenotypes described in these findings change depending on the 312 

presence of absence of PrkA. Changes in the double mutant compared to the single mutant would 313 

indicate phosphoregulation of GpsB by PrkA. Additionally, work is being done to understand the 314 

protein-protein interactions between GpsB and PrkA. By conducting in vitro kinase reactions 315 

using purified, recombinant GpsB and PrkA, we will validate whether GpsB is a direct target of 316 

PrkA in Lmo. Using these proteins we can also confirm the phosphorylated residue of GpsB. 317 

Data from our phosphopreotomic screen indicates threonine 88 is the phosphorylated residue. 318 

Additionally, GpsB phosphorlation by PrkA in B. subtilis is on the corresponding residue, 319 

suggesting the phosphorylation site is conserved. From there we can construct phosphoablative 320 

and phosphomimetic version of GpsB to understand how GpsB phosphorylation affects the 321 



phenotypes we have observed and how the phosphorylation state of GpsB affects the function of 322 

PrkA.  323 

 In conclusion, we have shown that the PrkA target GpsB is important for response to 324 

growth at high temperatures, cell wall stress, and cytosolic survival. Changes in antibiotic 325 

sensitivity indicates a potential to target this pathway with current or novel antibiotics to allow 326 

for better treatments for Lmo infection. Increased bacteriolysis shows GpsB is necessary for 327 

survival in the cytosol and to continue Lmo infection demonstrating targets of PASTA kinases 328 

may be important to Lmo and other pathogens in the context of infection. Understanding how 329 

cytosolic pathogens replicate and survive in the cytosol provides insight into how these bacteria 330 

evade host immune response. By understanding these mechanisms we can directly target the 331 

bacteria and potentially the immune system to better treat Listeriosis and intracellular pathogen 332 

infection as a whole. 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

345 



Figure 1 346 

  347 

Figure 1. GpsB is required for growth of Listeria monocytogenes at high temperature.  348 

Growth of indicated strains at 37°C (a) or 42°C (b). Data are averages of 3 biological replicates 349 

and error bars represent the standard error of the mean.  350 
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Figure 2 356 

 357 

Figure 2. GpsB is important resistance cell wall-targeting antibiotics. 358 

(a-h.) Bars are the mean minimum inhibitory concentration in µg/ml. Values were determined by 359 

three or more biological replicates of 2-fold serial dilutions. Data are averages of 3 biological 360 

replicates and error bars represent standard deviation. * indicates statistical significance 361 

compared to wild-type using a Student’s t-test (p<0.05) or a Mann-Whitney U test (p<0.05) 362 

when the standard deviation was 0 for a group.   363 
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Figure 3 366 

a 367 

 368 

Figure 3. Deletion of gpsB causes a decrease in Listeria monocytogenes cytosolic survival.   369 

(a,b) Intracellular bacteriolysis of WT, ∆hly, Holin-Lysin, ∆prkA, ∆gpsB, and ∆gpsB pIMK2-370 

gpsB (b only) was measured in IFNAR-/- BMDMs. Macrophages were infected at an MOI of 10 371 

by Lmo strains containing the pBHE573 plasmid. Data are averages of 3 biological replicates and 372 

error bars represent standard error of the mean. * indicates statistical significance compared to 373 

wild-type by Student’s t-test (p<0.05). 374 

 375 

 376 
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Figure 4 378 

a  379 

 380 

Figure 4: Deletion of gpsB does not affect plaque formation in fibroblasts.  381 

(a,b) Percent plaque size in L2 fibrolasts 4 days post infection with WT, ∆prkA mutant, ∆gpsB 382 

mutant, and ∆gpsB pIMK2-gpsB (b only) mutant bacteria at an MOI of 0.1. Data is 383 

representative of 3 biological replicates and error bars indicate standard deviation. * indicates 384 

statistical significance by Student’s t-test (p<0.05) 385 
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 400 

Supplementary Tables 401 

Table S1. Plasmids used in this study. 402 

Name Genotype/Description Reference 

pKSV7 Empty allelic exchange vector 54 

pKSV7-ΔgpsB For making a deletion of gpsB  This 

pIMK2 Integrative empty vector   53 

pIMK2-gpsB For wild-type expression of gpsB for a non-native promoter This study  

pBHE573 Luciferase reporter vector for bacteriolysis assays 56 

 403 

Table S2. L. monocytogenes strains used in this study. 404 

 

Name Genotype/Description Reference 

Wild-type L. monocytogenes strain 10403S 56 

Δhly Phage lysis proteins holin and lysin controlled by PactA  56 

Holin-lysin Phage lysis proteins holin and lysin controlled by PactA  55 

ΔprkA::erm prkA CDS replaced with erm cassette via pKSV7-ΔprkA::erm Kelliher,unpublished  

ΔgspB In-frame deletion of gpsB via pKSV7-ΔgpsB This study 

ΔgspB pIMK2-gpsB ΔgspB with an integrated pIMK2-gpsB This study 

WT pBHE573 Wild-type carrying pBHE573 55 

Δhly pBHE573 In-frame deletion of hly carrying pBHE573 55 

Holin-Lysin pBHE573 Holin-lysin carrying pBHE573 55 

ΔprkA::erm pBHE573 ΔprkA::erm pBHE573 Kelliher,unpublished 

ΔgspB ΔgspB carrying pBHE573 This study 

ΔgspB pIMK2-gpsB ΔgspB pIMK2-gpsB carrying pBHE573 This study 

 405 
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