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ABSTRACT - Listeria monocytogenes is a food-borne Gram-positive bacterial pathogen and 25	
  

many of its virulence factors are either secreted proteins, or proteins covalently or non-26	
  

covalently-attached to the cell wall. Previous work has indicated that non-covalently-attached 27	
  

proteins with GW domains are retained in the cell wall by binding to the cell wall polymer 28	
  

lipoteichoic acid (LTA). LTA is a glycerolphosphate polymer, which is modified in L. 29	
  

monocytogenes with galactose and D-alanine residues. We identified Lmo0933 as the 30	
  

cytoplasmic glycosyltransferase required for the LTA glycosylation process and renamed the 31	
  

protein GtlA for glycosyltransferase LTA A. Using L. monocytogenes mutants lacking galactose 32	
  

or D-alanine modifications or the complete LTA polymer, we show that GW-domain proteins are 33	
  

still retained within the cell wall, indicating that other cell wall polymers are involved in the 34	
  

retention of GW-domain proteins. Further experiments reveal peptidoglycan as the binding 35	
  

receptor as a purified GW domain fusion protein can bind to L. monocytogenes cells lacking wall 36	
  

teichoic acid (WTA) as well as purified peptidoglycan derived from a wild-type or WTA-negative 37	
  

strain. With this, we not only identified the first enzyme involved in the LTA glycosylation 38	
  

process, but we also provide new insight into the binding mechanism of non-covalently attached 39	
  

cell wall proteins. 40	
  

IMPORTANCE - Over the past twenty years, a large number of bacterial genome sequences 41	
  

have become available. Computational approaches are used for the genome annotation and 42	
  

identification of genes and encoded proteins. However, the function of many proteins is still 43	
  

unknown and often cannot be predicted bioinformatically. Here, we show that the previously 44	
  

uncharacterized Listeria monocytognenes gene lmo0933 likely codes for a glycosyltransferase 45	
  

required for the decoration of the cell wall polymer lipoteichoic acid (LTA) with galactose 46	
  

residues. Using L. monocytogenes mutants lacking LTA modifications or the complete polymer, 47	
  

we show that specific cell wall proteins, often associated with virulence, are still retained within 48	
  

the cell wall, indicating that additional cell wall polymers are involved in their retention. 49	
  

 50	
  



	
   3 

INTRODUCTION - Listeria monocytogenes is a food-borne Gram-positive bacterial pathogen 51	
  

and the causative agent of human listeriosis with immunocompromised individuals, pregnant 52	
  

women, and neonates being at particular risk of infection (1). As part of its life cycle, L. 53	
  

monocytogenes can enter phagocytic and non-phagocytic cells. Following this, the bacterium 54	
  

escapes from the vacuole, replicates within the host cell cytoplasm and then spreads from cell to 55	
  

cell via actin-based motility (2, 3). Numerous L. monocytogenes proteins required for this 56	
  

intricate intracellular life cycle and for the pathogenesis of this organism have been characterized 57	
  

over the past decades and many of these virulence factors are either secreted or cell wall-58	
  

associated proteins (4-6).  59	
  

Proteins that are retained within the cell wall of Gram-positive bacteria are either covalently 60	
  

bound to peptidoglycan through a reaction catalyzed by sortase enzymes or retained within the 61	
  

cell wall through a non-covalent interaction with peptidoglycan or other cell wall components. 62	
  

Non-covalently bound proteins contain specific cell wall binding domains and in the case of L. 63	
  

monocytogenes these are GW modules, WxL or LysM domains (see reviews (6, 7)). While the 64	
  

function of the WxL domain containing proteins is unknown, most of the proteins containing GW 65	
  

or LysM domains have additional enzymatic domains predicted to contain peptidoglycan 66	
  

hydrolytic activity. An exception is the GW domain containing protein internalin B (InlB), which 67	
  

aids bacteria in the entry process of hepatocytic, endothelial and epithelial cells (8-10). GW 68	
  

domains are around 80 amino acids in length and the name is derived from the presence of a 69	
  

conserved glycine–tryptophan (GW) dipeptide within the binding domain (6, 7, 11). The GW 70	
  

domains are often repeated and not present as single domains. For instance, InlB contains three C-71	
  

terminal GW domains and the autolysin Ami has eight C-terminal GW domains (11). In previous 72	
  

work, a correlation between the number of GW domains and the strength of interaction with the 73	
  

cell wall has been observed as InlB was found both in the cell wall and supernatant fraction, 74	
  

while the Ami protein with a larger number of GW domains was found exclusively in the cell 75	
  

wall fraction (11). The cell wall polymer lipoteichoic acid (LTA) has been implicated as the 76	
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binding receptor for GW domain containing proteins (12). In addition, it has also been described 77	
  

that InlB binds to glycosaminoglycans present on host cell surfaces (13, 14), indicating that sugar 78	
  

moieties are recognized by the GW domains and this was further investigated in the present 79	
  

study. 80	
  

The cell wall of L. monocytogenes is typical for a Gram-positive bacterium belonging to the 81	
  

phylum Firmicutes. It is composed of a thick peptidoglycan layer and teichoic acids (TAs). TAs 82	
  

are further grouped into wall teichoic acid (WTA), a polymer covalently linked to the 83	
  

peptidoglycan layer, and lipoteichoic acid (LTA), a polymer anchored to the outer leaflet of the 84	
  

cytoplasmic membrane by a glycolipid anchor (15, 16). The chemical structure of WTA can vary 85	
  

between different Listeria serovars. It is either a polyribitol-phosphate (RboP) polymer 86	
  

substituted with N-aceytlglucosamine (GlcNAc) and/or Rhamnose (Rha) residues (17-19) or a 87	
  

polymer made up of RboP and GlcNAc repeating units, which can be further decorated with 88	
  

galactose and glucose residues (19, 20). In all cases, the WTA polymer is covalently linked via a 89	
  

conserved sugar-containing linker unit to the peptidoglycan layer. The WTA polymer itself is 90	
  

polymerized within the cytoplasm of the cell on an undecaprenyl-phosphate (C55-P) lipid carrier 91	
  

molecule and its synthesis is initiated by the TagO enzyme and the production of a conserved 92	
  

linker unit. Two TagO enzymes with redundant functions have been identified in L. 93	
  

monocytogenes and only depletion of both enzymes resulted in the abrogation of WTA 94	
  

production in the L. monocytogenes strain EGD-e (21). Less variation is seen in the chemical 95	
  

structure of the LTA polymer (22, 23). It is a polyglycerolphosphate polymer, also referred to as 96	
  

type I LTA, further decorated with D-alanine and galactose residues in L. monocytogenes strains 97	
  

(15, 22-24). Most enzymes required for LTA production have now been identified; the proteins 98	
  

encoded in the lafA-C (LTA anchor formation) operon are required for the production of the 99	
  

glycolipid anchor (25). The glycerolphosphate backbone is polymerized on the outside of the cell 100	
  

and the GroP subunits are derived from the head group of the phospholipid 101	
  

phosphatidylglycerolphosphate (26, 27). In L. monocytogenes, the LTA backbone is synthesized 102	
  



	
   5 

by a two-enzyme system, where the LTA primase LtaP initiates the production of the 103	
  

glycerolphosphate backbone by the addition of the first glycerolphosphate subunit to the 104	
  

glycolipid anchor and the LTA synthase LtaS extends the chain by the repeated addition of 105	
  

glycerolphosphate subunits (24, 25, 28). The proteins encoded in the dltA-D operon are 106	
  

responsible for the addition of the D-alanine modifications on LTA (29), however the enzymes 107	
  

responsible for the modification of LTA with galactose residues have not yet been identified.  108	
  

Based on biochemical studies performed in the 1980s, a mechanism for the incorporation of 109	
  

glycosyl residues into type I LTA has been proposed and also recently reviewed (15, 30-33) (Fig. 110	
  

1A). In this model a cytoplasmic glycosyltransferase (GT) utilizes a nucleotide-activated sugar to 111	
  

form a C55-P-sugar intermediate. Next, this intermediate is transported across the membrane by a 112	
  

flippase and in a final step a second GT with extracellular activity links the sugar onto LTA (32, 113	
  

33) (Fig. 1A). The LPS glycosylation process in Escherichia coli with 4-amino-4-deoxy-L-114	
  

arabinose (L-Ara4N) and glycosylation processes of complex cell wall polymers in 115	
  

Mycobacterium tuberculosis proceed through similar mechanisms (34-36). 116	
  

Here, we identified a glycosyltransferase involved in the LTA glycosylation process. Using L. 117	
  

monocytogenes mutant strains lacking either the D-alanine or glycosyl modifications, or the 118	
  

complete LTA polymer, we show that LTA is not absolutely essential for the retention of the 119	
  

GW-repeat domain containing cell wall proteins InlB and Ami. We present experimental 120	
  

evidence, which suggests that GW domain proteins are instead retained in the cell wall by binding 121	
  

to the peptidoglycan polymer. With this we not only identified the first enzyme involved in the 122	
  

glycosylation process of type I LTA, but we also provide new insight into the binding mechanism 123	
  

of non-covalently attached cell wall proteins. 124	
  

 125	
  

MATERIALS AND METHODS 126	
  

Bacterial strains and growth conditions. All strains and plasmids used in this study are listed 127	
  

along with the corresponding references in Table S1 in the Supplemental Material. Escherichia 128	
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coli strains were grown in Luria-Bertani (LB) medium and Listeria monocytogenes strains in 129	
  

brain heart infusion (BHI) medium at 37°C unless otherwise specified. Where appropriate, the 130	
  

medium was supplemented with the following antibiotics: For E. coli cultures - ampicillin (Amp) 131	
  

100 µg/ml; kanamycin (Kan) 30 µg/ml; tetracycline (Tet) 10 µg/ml; chloramphenicol (Cam) 20 132	
  

µg/ml; for L. monocytogenes cultures - chloramphenicol (Cam) 7.5 to 10 µg/ml; erythromycin  133	
  

(Erm) 5 µg/ml and streptomycin (StrepR) 200 µg/ml for conjugation experiments. 134	
  

 135	
  

Strain and plasmid construction. All primers used in this study are listed in Table S2. Allelic 136	
  

exchange vectors pKSV7ΔdltA, pKSV7ΔtagO1, pKSV7ΔtagO2 and pKSV7ΔgtlA (lmo0933) 137	
  

were constructed for the production of markerless in frame deletions in L. monocytogenes genes 138	
  

dltA, tagO1, tagO2 and gtlA, respectively. For all constructs an approximately 1 kb DNA region 139	
  

upstream of the gene and the first 30 bases of the gene were fused by splicing overlap extension 140	
  

(SOE) PCR (37) to the last 30 bases of the gene and an approximately 1 kb DNA fragment 141	
  

downstream of the gene. Chromosomal DNA isolated from L. monocytogenes strain 10403S 142	
  

(ANG1263) was used as DNA template in all PCRs. For construction of plasmid pKSV7ΔdltA 143	
  

primer pairs 932/933 and 934/935 were used for the first round of PCRs and primer pair 932/935 144	
  

for the second round of PCR. The PCR product was subsequently digested with enzymes KpnI 145	
  

and BamHI and ligated with vector pKSV7, which had been cut with the same enzymes. Plasmids 146	
  

pKSV7ΔtagO1, pKSV7ΔtagO2 and pKSV7ΔgtlA were constructed using a similar method but 147	
  

with primers 530/531/532/533 (ΔtagO1), 537/538/539/540 (ΔtagO2) and 1298/1299/1300/1301 148	
  

(ΔgtlA). This created the allelic exchange vectors pKSV7ΔdltA, pKSV7ΔtagO1, pKSV7ΔtagO2 149	
  

and pKSV7ΔgtlA, which were initially recovered in E. coli strain XL1-Blue yielding strains 150	
  

ANG1646, ANG1380, ANG1381 and ANG2222, respectively. These plasmids were then 151	
  

introduced by electroporation into L. monocytogenes strain 10403S and the allelic exchange 152	
  

procedure was subsequently performed as described previously (38). Strains with the expected 153	
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gene deletions were identified by PCR and this resulted in the construction of strains 154	
  

10403SΔdltA (ANG1783), 10403SΔtagO1 (ANG1387), 10403SΔtagO2 (ANG1388) and 155	
  

10403SΔgtlA (ANG2325). For construction of strain 10403SΔtagO1-2 (ANG1784) with 156	
  

deletions of both tagO genes, plasmid pKSV7ΔtagO1 was introduced into strain 10403SΔtagO2 157	
  

and the allelic exchange procedure performed as described above. Strains 10403SΔtagO1-2 and 158	
  

10403SΔltaS (constructed in a previous study (25)) have severe growth defects and to improve 159	
  

the growth of these strains they were passed several times at 37°C yielding the suppressor strains 160	
  

10403SΔtagO1-2sup (ANG2350) and 10403SΔltaSsup (ANG2337). For construction of strain 161	
  

10403SΔltaPΔltaSsup (ANG3465) the allelic exchange plasmid pKSV7Δlmo0644 (ΔltaP) (25) 162	
  

was electroporated into L. monocytogenes strain 10403SΔltaSsup and the allelic exchange 163	
  

procedure performed as described above. 164	
  

Plasmids pPL3e-gtlA, pPL3-tagO1 and pHPL3-tagO2 were constructed for gene 165	
  

complementation analysis. For construction of plasmid pPL3e-gtlA, the gtlA gene and its 166	
  

upstream promoter region was amplified with primer pair 1421/1422, the resulting PCR product 167	
  

was digested with BamHI and KpnI and ligated with vector pPL3e, which had been cut with the 168	
  

same enzymes. The resulting plasmid pPL3e-gtlA was recovered in E. coli strain XL1-Blue 169	
  

(ANG2322) and subsequently introduced into strain 10403SΔgtlA by electroporation generating 170	
  

strain 10403SΔgtlA pPL3e-gtlA (ANG2495). The empty pPL3e vector was also introduced into 171	
  

WT 10403S and strain 10403SΔgtlA, yielding control strains ANG2498 and ANG2496, 172	
  

respectively. For construction of plasmid pPL3-tagO1 and pHPL3-tagO2, the tagO1 gene 173	
  

including its upstream promoter region was amplified with primer pair 655/679 and the tagO2 174	
  

gene without promoter region was amplified with primer pair 657/658. The resulting PCR 175	
  

products were digested with enzymes BamHI and KpnI and ligated with plasmids pPL3 and 176	
  

pHPL3 (containing the constitutive hyper spac promoter), respectively. The resulting plasmids 177	
  

pPL3-tagO1 and pHPL3-tagO2 were recovered in E. coli strain XL1-Blue, yielding strains 178	
  

ANG1394 and ANG1395. Plasmids pHPL3, pPL3-tagO1 and pHPL3-tagO2 were then 179	
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introduced into the E. coli strain SM10, yielding strains ANG1375, ANG1807 and ANG1808, 180	
  

respectively. Plasmids pHPL3, pPL3-tagO1 and pHPL3-tagO2 were subsequently moved by 181	
  

conjugation into strain 10403SΔtagO1-2, yielding strains ANG1911, ANG1832 and ANG1833, 182	
  

respectively. 183	
  

Plasmid pHPL3-inlB-GW-His was constructed for the expression of the C-terminally His-184	
  

tagged InlB protein in L. monocytogenes under the control of the constitutive hyper spac 185	
  

promoter. Plasmid pHPL3-inlB-GWAmi-His was constructed for the expression of the C-terminally 186	
  

His-tagged InlB variant in which its three native GW domains were replaced with the eight GW 187	
  

domains of the Ami protein. For construction of plasmid pHPL3-inlB-GW-His, the inlB gene was 188	
  

amplified from 10403S chromosomal DNA using primer pair 835/837 and the C-terminal His-tag 189	
  

introduced as part of the primer sequence. The PCR product was cut with enzymes BamHI and 190	
  

SalI and inserted into plasmid pHPL3, which had been cut with the same enzymes. The resulting 191	
  

plasmid pHPL3-inlB-GW-His was recovered in E. coli strain XL1-Blue yielding strain ANG1551. 192	
  

SOE PCR was used to create the insert inlB-GWAmi-His for the construction of plasmid pHPL3-193	
  

inlB-GWAmi-His. Specifically, the 5’ inlB fragment was amplified with primer pair 835/1172 and 194	
  

the sequence coding for the GW domains of the Ami protein with primer pair 1173/1119. The 195	
  

PCR products were fused in a second round of PCR using primer pair 835/1119. The resulting 196	
  

PCR product was cut with enzymes BamHI and SalI and inserted into plasmid pHPL3. The 197	
  

resulting plasmid pHPL3-inlB-GWAmi-His was initially recovered in E. coli strain XL1-Blue, 198	
  

yielding strain ANG1975.  Plasmids pHPL3-inlB-GW-His and pHPL3-inlB-GWAmi-His were 199	
  

either introduced into the different Listeria strains by electroporation or first introduced into E. 200	
  

coli strain SM10, yielding strains ANG1625 and ANG2014 and subsequently introduced into the 201	
  

different Listeria strains by conjugation. Specifically plasmids pHPL3, pHPL3-inlB-GW-His and 202	
  

pHPL3-inlB-GWAmi-His were introduced into the WT L. monocytogenes 10403S strain yielding 203	
  

strains 10403S pHPL3 (ANG1414), 10403S pHPL3-inlB-GW-His (ANG1626), and 10403S 204	
  

pHPL3-inlB-GWAmi-His (ANG2015). Plasmids pHPL3-inlB-GW-His and pHPL3-inlB-GWAmi-His 205	
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were also introduced into L. monocytogenes strain 10403SΔgtlA, 10403SΔdltA, 10403SΔltaSsup, 206	
  

10403SΔltaPΔltaSsup and 10403SΔtagO1-2sup, yielding strains 10403SΔgtlA pHPL3-inlB-GW-207	
  

His (ANG3330), and 10403SΔgtlA pHPL3-inlB-GWAmi-His (ANG3331), 10403SΔdltA pHPL3-208	
  

inlB-GW-His (ANG3333), 10403SΔdltA pHPL3-inlB-GWAmi-His (ANG3334), 10403SΔltaSsup 209	
  

pHPL3-inlB-GW-His (ANG1630), 10403SΔltaSsup pHPL3-inlB-GWAmi-His (ANG2037), 210	
  

10403SΔltaPΔltaSsup pHPL3-inlB-GW-His (ANG3325), 10403SΔltaPΔltaSsup pHPL3-inlB-211	
  

GWAmi-His (ANG3326), 10403SΔtagO1-2sup pHPL3-inlB-GW-His (ANG2513) and 212	
  

10403SΔtagO1-2sup pHPL3-inlB-GWAmi-His (ANG2514), respectively.  213	
  

Plasmid pVL847 is an E. coli vector used for the expression and purification of the N-214	
  

terminally His-tagged maltose binding protein (His-MBP). Plasmid pVL847-GWAmi was 215	
  

constructed for the expression and purification of the His-MBP-GWAmi fusion protein, in which 216	
  

the eight GW domains of the Ami protein are fused to the C-terminus of the His-MBP protein. 217	
  

Initially the sequence coding for the Ami GW domains was amplified with primer pair 218	
  

1320/1321, the resulting PCR product cut with enzymes SacI and SalI and inserted in plasmid 219	
  

pQ30-GFP. The resulting plasmid pQE30-GFP-GWAmi was recovered in E. coli strain XL-1 Blue, 220	
  

yielding strain ANG2157. Plasmid pQE30-GFP-GWAmi and primer pair 1806/1807 was 221	
  

subsequently used in a PCR to amplify the GWAmi region and the resulting product was cut with 222	
  

enzymes NdeI and BamHI and ligated with plasmid pVL847, which had been cut with the same 223	
  

enzymes. This generated plasmid pVL847-GWAmi, which was recovered in E. coli strain in XL1-224	
  

Blue generating strain ANG3179. For protein expression and purification plasmids pVL847 and 225	
  

pVL847-GWAmi were introduced into E. coli strain BL21(DE3) generating strains ANG2890 and 226	
  

ANG3181, respectively. The DNA sequences of all inserts were confirmed by automated 227	
  

fluorescence sequencing at the MRC Clinical Sciences Centre Genomics Core Laboratory, 228	
  

Imperial College London or at GATC Biotech Ltd. 229	
  

 230	
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LTA isolation and NMR analysis. Cultures of L. monocytogenes strains 10403S, 10403SΔgtlA, 231	
  

10403SΔgtlA pPL3e-gtlA were grown over night at 37°C in 3 L of BHI medium and bacteria 232	
  

pelleted by centrifugation. The LTA was extracted and purified by hydrophobic interaction 233	
  

chromatography using a 24 x 1.6 cm octylsepharose column as previously described (26). LTA 234	
  

containing fractions were identified by Western-blot using a polyglycerolphosphate specific 235	
  

antibody (26), combined and extensively dialyzed against ddH2O at 4°C. The sample was then 236	
  

lyophilized and stored at -20°C. To analyze the LTA by 1D 1H NMR, 2 mg of purified LTA were 237	
  

suspended in 500 µl D2O of 99.96 % purity and lyophilized. The LTA was suspended and 238	
  

lyophilized once more in this way, and finally suspended in 500 µl of D2O of 99.99 % purity. 239	
  

NMR spectra were acquired on a 600 MHz Bruker Avance III spectrometer equipped with a TCI 240	
  

cryoprobe. For quantification, 1D spectra were recorded with a 5s recycle delay and 241	
  

approximately 45 degree proton flip angle to ensure accurate integration. The data were analyzed 242	
  

in Topspin 3.1 (Bruker Biospin Ltd). For each strain three independent LTA extractions were 243	
  

performed, analyzed by NMR, and spectra were annotated as previously reported (39-41). To 244	
  

determine the chain length and degree of backbone substitution the area under each peak assigned 245	
  

to an LTA component was integrated. The peak at 4.3 ppm derived from the non-exchangeable 246	
  

proton associated with the CH group of D-Ala was used as a reference and set to 1. Next, the total 247	
  

integration values for peaks belonging to specific LTA components (GroP, D-Ala, Gal or fatty 248	
  

acids) were calculated. Following this, a proton adjusted value was determined for LTA 249	
  

components by taking the number of non-exchangeable protons for each component into account; 250	
  

that is 58 protons for the lipid anchor, 5 for GroP, 4 for D-Ala and 7 for Gal. To determine the 251	
  

chain length of LTA, the proton-adjusted value for GroP was divided by the proton-adjusted 252	
  

value for the lipid anchor. To determine the percentage substitution, the proton-adjusted values 253	
  

for D-Ala or Gal was divided by the proton adjusted value for GroP and multiplied by 100. The 254	
  

average values and standard deviation from three independent experiments were calculated and 255	
  

plotted. Statistical significance was determined using a two-tailed unpaired student T-test. 256	
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L. monocytogenes growth curves and motility assay. Growth curves with tagO mutant strains 257	
  

were undertaken as previously described (25). Briefly, WT 10403S strain and the tagO mutant L. 258	
  

monocytogenes strains were grown overnight at 30°C in 4 ml BHI medium. Next day, cultures 259	
  

were diluted to a starting OD600 of 0.07 into 25 ml of BHI medium, incubated with shaking at 260	
  

37°C and OD600 values determined at timed intervals. Growth curves were performed in duplicate 261	
  

and a representative graph is shown. Growth curves with the gtlA mutant and complementation 262	
  

strain were performed in 96-well format in a SPECTROStar Nano 96-well plate reader (BMG 263	
  

Labtech). The indicated strains were grown over night at 37°C in 5 ml BHI medium. The next 264	
  

day, cultures were diluted in triplicate 1:50 into 200 µl of fresh BHI fresh and incubated at 37oC 265	
  

with shaking for 10 h and OD600 readings taken every 30 min. The background reading of wells 266	
  

containing BHI medium only was subtracted from all readings and the average readings from the 267	
  

triplicate samples plotted. The experiment was performed in duplicate and a representative result 268	
  

is shown. For motility assays, the indicated L. monocytogenes strains were grown overnight in 5 269	
  

ml BHI cultures. The next day, the culture was adjusted to an OD600 of 5 and 2.5 µl were used to 270	
  

stab inoculate low agar (0.3 % agar) BHI plates and the plates were subsequently incubated for 18 271	
  

h at 30oC. Images were taken using a ChemiDoc Touch imaging system (Biorad). Experiments 272	
  

were performed in triplicate and a representative result is shown. 273	
  

 274	
  

Cell fractionation and western blot analysis. WT and mutant L. monocytogenes strains were 275	
  

grown overnight in 5 ml BHI medium at 30oC. Samples for the detection of cell-associated LTA 276	
  

were prepared and separated on 15 % polyacrylamide (PAA) gels as previously described (25). 277	
  

The LTA was detected by Western blot using a polyglycerolphosphate specific monoclonal LTA 278	
  

antibody (Clone 55 from Hycult biotechnology) and an HRP-conjugated anti-mouse antibody 279	
  

(Cell Signaling Technology) at 1:4000 and 1:10,000 dilutions, respectively. To assess the cellular 280	
  

localisation of reporter proteins, the different L. monocytogenes strains were grown overnight in 5 281	
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ml BHI medium at 37°C [or 30°C for the 10403SΔtagO1-2Sup pHPL3-inlB-GW-His (ANG 2513) 282	
  

and 10403SΔtagO1-2Sup pHPL3-inlBAmi-His (ANG2514) strains]. Next day, 1.2 ml of these 283	
  

cultures was centrifuged at 17,000 x g for 10 min to harvest the bacteria. Following this, 1 ml of 284	
  

the supernatant was transferred to a fresh tube (supernatant fraction). The remaining supernatant 285	
  

was aspirated leaving a cell pellet (cell associated fraction). To prepare the cell associated protein 286	
  

fraction, the cell pellet was suspended in 2 x protein sample buffer normalized for culture density; 287	
  

that is the pellet from a 1.2 ml culture with an OD600 of 2 was suspended in 120 µl sample buffer. 288	
  

To prepare the supernatant fraction, 100 µl of cold trichloroacetic acid (TCA) was added to the 1 289	
  

ml supernatant fraction, the sample vortexed and incubated on ice for 1 hour. Then the samples 290	
  

were centrifuged at 17,000 x g for 10 min and the pellet washed twice with 1 ml cold acetone 291	
  

followed by vortexing and incubation on ice for 1 hour. The samples were centrifuged as before, 292	
  

the supernatant aspirated and the pellet suspended in 2 x protein sample buffer normalized based 293	
  

on the OD600 readings; that is the 1 ml supernatant fraction derived from a culture with an OD600 294	
  

of 2 was suspended in 100 µl sample buffer. The supernatant and cell associated fractions were 295	
  

boiled for 20 min, centrifuged for 5 min at 17,000 x g and 10 µl of each sample separated on a 10 296	
  

% polyacrylamide (PAA) gel. Proteins were transferred to PVDF membranes and western blots 297	
  

were performed either using an HRP-conjugated anti-His antibody (Sigma) at a 1:5,000 dilution, 298	
  

an anti-L6 ribosomal protein primary antibody at a 1:20,000 dilution, or the Ami specific 299	
  

polyclonal antibody R4 (11) at a 1:5,000 dilution and an HRP-conjugated anti-rabbit secondary 300	
  

antibody (Cell Signaling Technology) at a 1:10,000 dilution. For the detection of the native InlB 301	
  

protein, strain 10403S and EGD were grown overnight either in BHI or BHI 0.2% activated 302	
  

charcoal at 37oC and cell and supernatant fractions prepared as described above. The InlB protein 303	
  

was detected using the mouse monoclonal InlB antibody R4.6 (11)  at a 1:1,000 dilution and an 304	
  

HRP-conjugated anti-mouse secondary antibody (Cell Signaling Technology) at a 1:10,000 305	
  

dilution.  Blots were developed by the enhanced chemiluminescent method (ECL), the signal 306	
  

captured using an ECL Hyperfilm (GE Healthcare) and the film developed with an automated 307	
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developer (AGFA-Healthcare N. V.). or the signal was directly detected using a ChemiDoc 308	
  

Tough imager (BioRad).  309	
  

 310	
  

WTA isolation and detection by alcian blue - silver staining. The cells from 45 ml overnight 311	
  

cultures of the indicated L. monocytogenes strains were harvested by centrifugation for 10 min at 312	
  

6,000 x g. The pellet was washed with 20 ml 20 mM sodium acetate pH 4.6 buffer and suspended 313	
  

in 800 µl of the same buffer. The cell suspension was transferred to a tube containing an equal 314	
  

volume of 0.1 mm glass beads. The bacteria were lysed in a FastPrep machine (MP bioscience) 315	
  

using 3 x 1 min runs with 2 min incubations on ice between runs. The samples were centrifuged 316	
  

at 200 x g for 1 min to sediment the glass beads and the supernatant transferred to a fresh tube. 317	
  

The glass beads were suspended in 750 µl 20 mM sodium acetate pH 4.6 buffer, centrifuged as 318	
  

before and the supernatants combined. The cell walls in the supernatant fractions were harvested 319	
  

by centrifugation at 17,000 x g for 5 min and suspended in a final volume of 1 ml 20 mM sodium 320	
  

acetate buffer pH 4.6 containing 4 % SDS. The cell wall suspensions were boiled for 30 min, 321	
  

transferred to a fresh tube and the volume made up to 10 ml with 20 mM sodium acetate pH 4 322	
  

buffer. The samples were centrifuged at 6,000 x g for 10 min and washed twice more with the 323	
  

same buffer. After the final centrifugation step the pellet was then suspended in 800 µl of the 324	
  

same buffer and centrifuged at 17,000 x g for 5 min. The pellet was suspended in 20 mM sodium 325	
  

acetate pH 4.6 normalized based on the OD600 reading of the overnight culture; that is 1 ml of a 326	
  

culture with an original OD600 of 1 was suspended in 10 µl buffer. To liberate the WTA, NaOH 327	
  

was added to a final concentration of 0.1 M and the samples were incubated at 65°C for 2 hours. 328	
  

The sample was centrifuged for 10 min at 17,000 x g and the supernatant was transferred to a 329	
  

fresh tube and stored at -20°C. To analyze the WTA, 10 µl of NaOH extracted WTA samples 330	
  

were mixed with 10 µl of 2 M sucrose prepared in Tris-Borate EDTA (TBE) buffer, then 5 µl 331	
  

aliquots were loaded onto a 15 % TBE-PAA gel and run at 100 V for 1 hour in 0.5 x TBE buffer. 332	
  

The WTA was visualized using an alcian blue – silver staining method, which was performed 333	
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with minor modifications as described previously (42). Briefly, the PAA gels were immersed in 334	
  

0.5 % alcian blue solution made up in 1 % acetic acid and incubated with moderate shaking for 1 335	
  

hour at room temperature. Excess alcian blue was removed by rinsing the gel several times with 336	
  

ddH2O and then incubation with ddH2O for 1 hr. Following this, the gel was fixed with 40 % 337	
  

methanol and 10 % acetic acid. De-stained and fixed TBE-PAA gels were washed again in ddH2O 338	
  

and the gel subsequently overlaid with oxidation solution (3.4 mM potassium dichromate and 3.2 339	
  

mM nitric acid) and incubated for 10 min with moderate shaking. The gels were washed twice 340	
  

with ddH2O and following this immersed in 12 mM silver nitrate solution for 20 min and then 341	
  

washed once briefly in ddH2O. The gel was overlaid with developing solution (0.28 M sodium 342	
  

carbonate and 6 mM formaldehyde) for 10 sec, then the solution was discarded and fresh 343	
  

developing solution was added until a brown precipitate was observed. To stop further coloration, 344	
  

the developing solution was removed and a 5 % acetic acid stop solution added. 345	
  

 346	
  

Protein expression and purification. Strains BL21(DE3) pVL847 (ANG2890) and BL21(DE3) 347	
  

pVL847-amiGW (ANG3181) were used for the expression and purification of the His-MBP and 348	
  

HisMBP-GWAmi proteins. Protein expression was induced with 0.5 mM IPTG at 16°C overnight 349	
  

and protein purification by Ni-NTA and size exclusion chromatograph was essentially performed 350	
  

as previously described (43) with the exception that EDTA free protease inhibitors (Roche) and 351	
  

10 mM imidazole were added to the lysis buffer and 20 mM Tris pH 7.5, 200 mM NaCl, 5 % 352	
  

glycerol buffer was used for the size exclusion chromatography step. Following size exclusion 353	
  

chromatography, the protein containing fractions were pooled and concentrated using a 10 KDa 354	
  

cut off Amicon Centricon concentrator (Millipore) and the final protein concentration determined 355	
  

using the BCA assay kit (Pierce). Protein samples were snap frozen in N2 and then stored at -356	
  

80°C. 357	
  

 358	
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Peptidoglycan purification. Peptidoglycan was purified from the strains 10403S and 359	
  

10403SΔtagO1-2sup. For the WT strain, an overnight culture was used to inoculate 1 L of BHI 360	
  

medium to an OD600 of 0.06 and the culture was grown at 37°C until it reached an OD600 of 1. For 361	
  

the 10403SΔtagO1-2sup strain, 2 x 1 L cultures were grown in the same way to an OD600 of 0.5 - 362	
  

0.6. From this point on all cultures were treated the same. Peptidoglycan was purified as 363	
  

previously described (44). Purified peptidoglycan sacculi were lyophilized prior to the 364	
  

hydrofluoric acid (HF) treatment, their dry weight determined and suspensions at the indicated 365	
  

mg/ml concentration prepared and used in binding assays. To remove wall teichoic acid, the 366	
  

lyophilised peptidoglycan material from strain 10403S was suspended in 48 % HF at a 367	
  

concentration of 2.5 mg / ml. The suspension was incubated at 4°C with moderate agitation for 48 368	
  

hours. Following this, the peptidoglycan were harvested by centrifugation, washed twice with 25 369	
  

ml ddH2O, twice with 25 ml 100 mM Tris pH 7.5, and twice more with 25 ml ddH2O. The 370	
  

peptidoglycan was suspended in a final volume of 5 ml 100 mM (NH4)2CO3. To this suspension, 371	
  

200 units of alkaline phosphatase (Sigma) were added and the suspension incubated at 37°C for 372	
  

16 h on a rotator wheel. The samples were subsequently boiled for 5 min and then washed twice 373	
  

with 25 ml ddH2O. The peptidoglycan was again lyophilized, the dry weight determined and 374	
  

suspensions at the indicated mg/ml concentration prepared and used in binding assays. 375	
  

 376	
  

Binding assays with whole cells or purified peptidoglycan and purified MBP fusion 377	
  

proteins. Bacteria from a 50 ml overnight culture of L. monocytogenes strains 10403S or 378	
  

10403SΔtagO1-2sup were harvested by centrifugation, washed once with 20 ml 50 mM Tris pH 8 379	
  

and subsequently suspended in the same buffer to an OD600 of 10, 1, or 0.5. Protein binding 380	
  

assays were set up in 250 µl reaction and consisted of 200 µl of this cell suspension and 50 µl of 381	
  

purified His-MBP or His-MBP-GWAmi protein at a concentration of 40 µM giving a final protein 382	
  

concentration in the reaction of 8 µM. Control reactions that lacked cells (no cell) consisted of 383	
  

200 µl 50 mM Tris pH 8 buffer plus 50 µl of protein solutions. The reactions were vortexed then 384	
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incubated at room temperature for 15 min. Following this, the samples were centrifuged for 10 385	
  

min at 17,000 x g to pellet the bacteria and any bound protein. The supernatant fraction 386	
  

containing the unbound protein was moved to a fresh tube, the same volume of 2 x protein sample 387	
  

buffer added and 10 µl of these samples analyzed on a 10 % PAA gel and proteins visualized by 388	
  

coomassie staining. The binding assays with purified peptidoglycan were set up in a similar 389	
  

manner. Each 250 µl reaction consisted of 200 µl purified peptidoglycan suspensions (either 390	
  

before or after HF treatment) at the indicated concentration in 50 mM Tris pH 8 buffer and 50 µl 391	
  

of a 40 µM His-MBP or His-MBP-GWAmi protein solution. Control reactions that lacked 392	
  

peptidoglycan (no PG) contained only 200 µl of 50 mM Tris pH 8 buffer and 50 µl of the protein 393	
  

solutions. The reactions were vortexed and incubated at room temperature on a rotator wheel for 394	
  

15 min and subsequently prepared and analysed as describe above for whole cell binding assays. 395	
  

 396	
  

Whole genome sequencing and bioinformatics analysis. Genome sequencing of L. 397	
  

monocytogenes strains 10403S, 10403SΔltaSsup (ANG2337) and 10403SΔtagO1-2sup (ANG2350) 398	
  

was performed by MicrobesNG (http://microbesng.uk) using an Illumina MiSeq platform and 399	
  

2x250 bp paired-end reads. The sequence data were deposited in the European Nucleotide 400	
  

Archive under accession number PRJEB11525. The CLC genomics workbench software package 401	
  

(Qiagen) was used to map the reads to the 10403S reference genome sequence (RefSeq accession 402	
  

number NC_017544.1) and high confidence and high frequency (> 85%) changes are listed in 403	
  

Table S3 for the different strains. To determine the conservation of the gtlA gene among other 404	
  

Listeria sp. a synteny analysis was performed using the SyntTax web server (http://archaea.u-405	
  

psud.fr/synttax/) and all available sequenced Listeria genomes (45)  406	
  

 407	
  

  408	
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RESULTS  409	
  

Identification of a type I LTA glycosyltransferase in L. monocytogenes. Glycosyltransferases 410	
  

(GTs) belonging to the GT2 family of glycosyltransferase enzymes have been shown to catalyze, 411	
  

in the presence of divalent cations, the transfer of sugar moieties from a nucleotide-activated 412	
  

precursor onto the lipid carrier molecule C55-P. Therefore, we hypothesized that the cytoplasmic 413	
  

GT involved in the glycosylation process of type I LTA is a GT2 family member (Fig. 1A). To 414	
  

identify such enzymes in L. monocytogenes, a BLAST search was performed using the E. coli 415	
  

ArnC protein, which transfers 4-amino-4-deoxyl-4-formamido-L-arabinose (L-Ara4FN) from 416	
  

UDP-β-L-Ara4FN onto C55-P (34), as the query sequence. Two proteins, Lmo0933 and Lmo2550, 417	
  

with e-values of 1e-35 and 1e-42 were identified as the closest ArnC homologues in the L. 418	
  

monocytogenes EGD-e genome, corresponding to proteins LMRG_02032 and LMRG_01697 in 419	
  

L. monocytogenes strain 10403S, which was used in this study. Recently, it has been shown that 420	
  

Lmo2550 is required for the modification of WTA with GlcNAc residues (46) and therefore our 421	
  

further analysis focused on Lmo0933. An in-frame deletion was generated in lmo0933, which as 422	
  

discussed below was renamed gtlA, yielding strain 10403SΔgtlA. In addition a complementation 423	
  

strain 10403SΔgtlA pPL3e-gtlA was constructed, in which gtlA was expressed from its native 424	
  

promoter in the chromosomal integration vector pPL3e. As additional controls, the empty pPL3e 425	
  

vector was also introduced into the WT and the ΔgtlA mutant strains. To assess if deletion of gtlA 426	
  

affects LTA production, we initially performed a western blot analysis on cell extracts prepared 427	
  

from the different strains using a polyglycerolphosphate specific monoclonal LTA antibody. As 428	
  

shown in Fig. 1B, a polyglycerolphosphate polymer was produced by all strains. However, the 429	
  

signal obtained from the extract prepared from the gtlA mutant strain was noticeably stronger as 430	
  

compared to that obtained from extracts prepared from the WT strain, indicating structural 431	
  

changes in the LTA polymer. This phenotype could be complemented by the introduction of the 432	
  

vector pPL3e-gtlA but not the empty vector (Fig. 1B). To determine the exact nature of these 433	
  

structural changes, LTA was purified from the wild-type L. monocytogenes strain 10403S (WT), 434	
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as well as the gtlA (ΔgtlA) mutant and the complementation strain 10403SΔgtlA pPL3e-gtlA 435	
  

(gtlAcompl). Labile protons were exchanged with deuterons by repeated suspension and freeze-436	
  

drying of the LTA samples in D2O, and the samples were subsequently analyzed by 1D 1H NMR 437	
  

(Fig. 2). The LTA isolated from the WT strain yielded the expected NMR spectrum and peaks 438	
  

obtained from the non-exchangeable protons could be assigned to the different LTA components 439	
  

using previously published spectra as references (39-41). Specifically, peaks derived from the 440	
  

CH2 and CH3 groups within the fatty acids (highlighted in orange), the CH2 groups from the 441	
  

glycerol backbone (highlighted in green), the CH3 and CH from the D-Ala modification 442	
  

(highlighted in blue) and CH and CH2 groups from the galactose substitutions (highlighted in 443	
  

yellow) could be assigned as indicated in Fig. 2. The galactose-specific peaks were absent in the 444	
  

NMR spectrum from the LTA sample obtained from strain 10403SΔgtlA. The NMR spectrum for 445	
  

the LTA derived from strain 10403SΔgtlA pPL3e-gtlA (gtlAcompl) was nearly identical to that 446	
  

obtained from the WT strain, showing that this defect was complemented by the reintroduction of 447	
  

gtlA (Fig. 2). These data suggest that Lmo0933 is likely the cytoplasmic glycosyltransferase 448	
  

required for the glycosylation of type I LTA and hence Lmo0933 was renamed GtlA for 449	
  

glycosyltransferase LTA A. 450	
  

 451	
  

LTA glycosylation does not affect LTA chain length or D-alanylation. To assess if the 452	
  

absence of the galactosyl modifications affects the chain length of LTA and/or the amount of D-453	
  

alanine modification, the peaks in the NMR spectra were integrated and the chain length and 454	
  

percentage of alanine and galactose substitutions were calculated as described in the Materials 455	
  

and Methods section. The NMR spectra from three independently isolated LTA samples were 456	
  

analyzed for each strain and the average values and standard deviations plotted (Fig. 3). The LTA 457	
  

isolated from the WT 10403S strain had an average chain length of 15.6 ± 4.5 GroP repeating 458	
  

units modified with 59.9 ± 2.7 % D-Ala and 23.8 ± 4.3 % Gal substitutions, respectively. No 459	
  

statistically significant difference in the LTA chain length and percentage D-alanine substitution 460	
  



	
   19 

was detected for the LTA isolated from strain 10403SΔgtlA and the complementation strain 461	
  

compared to the sample derived from the WT strain (Fig. 3). Furthermore, the amount of 462	
  

galactosyl substitutions could be restored to wild-type levels in the complementation strain (Fig. 463	
  

3). These data indicate that the absence of galactosyl residues neither affects the LTA chain 464	
  

length nor the amount of D-alanylation.  465	
  

 466	
  

Phenotypic characterization of a gtlA mutant strain. A phenotypic analysis of the 467	
  

10403SΔgtlA strain revealed that the galactosyl modification on LTA is not required for growth 468	
  

in broth culture or flagella-based motility (Fig. 4). In previous work it has been shown that a L. 469	
  

monocytogenes strain lacking D-Ala modifications on LTA is more sensitive towards cationic 470	
  

antimicrobial peptides and the antibiotic nisin (29). To test if the absence of galactose 471	
  

modifications on LTA similarly affects the antibiotic susceptibility of strain 10403SΔgtlA, the 472	
  

MIC towards nicin was tested. No difference was observed, and the WT and mutant stains had 473	
  

identical MICs of 12.5 µg/ml. These data indicate that in contrast to the D-alanine modifications 474	
  

on LTA, galactose modifications do not play a role in cationic antimicrobial resistance. Identical 475	
  

MIC values for the cell wall targeting antibiotics ampicillin and penicillin G of 0.125 µg/ml and 476	
  

3.125 µg/ml, respectively, were also observed for the WT and gtlA mutant strain, suggesting that 477	
  

the mutant strain does not have any major defects in its peptidoglycan structure. 478	
  

 479	
  

GW domain containing proteins are retained in the cell wall of L. monocytogenes mutants 480	
  

lacking LTA modifications. While a L. monocytogenes strain lacking glycosyl modification on 481	
  

LTA did not show any obvious growth phenotypes, previous work has indicated that LTA serves 482	
  

as binding receptor for the GW domain containing cell wall proteins InlB and Ami (12). 483	
  

Therefore, we next wanted to test if this modification is required for the retention of non-484	
  

covalently attached cell wall proteins. The enzymes required for the synthesis of the LTA 485	
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backbone (25), D-Ala substitutions (29) and Gal substitutions have now been identified, and this 486	
  

allowed us to address this question using the different mutant strains. In pervious work, it has 487	
  

been shown that during exponential growth, a large amount of the InlB protein is retained in 488	
  

strain EGD in a GW-domain dependent manner within the cell wall fraction, with some of the 489	
  

protein released into the supernatant fraction (11). Using a similar fractionation experiment and 490	
  

an InlB specific antibody, we found that after over overnight growth the InlB protein is 491	
  

exclusively found in the cell wall fraction of strain EGD (Fig. 5A). Here it is of note that it was 492	
  

recently found that strain EGD contains a pfrA* allele leading to increased production of many 493	
  

virulence factors (47). As the different LTA mutant strains have been constructed in the 10403S 494	
  

strain background, we next attempted to assess the InlB localization in strain 10403S. However, 495	
  

even following growth in BHI 0.2% activated charcoal medium, which is known to induce the 496	
  

expression of PrfA-dependent virulence proteins such as InlB, we were unable to detect 497	
  

significant amounts of the native InlB protein in strain 10403  (Fig. 5A).  Hence we could not 498	
  

assess the localization of the InlB protein when expressed from the native promoter in strain 499	
  

10403S. Therefore we next constructed plasmids pHPL3-inlB-GW-His and pHPL3-inlB-GWami-500	
  

His for the expression of C-terminally His-tagged InlB (referred to as InlB-GW-His) as well as a 501	
  

variant of InlB in which its three native GW domains were replaced with the eight GW domains 502	
  

of the Ami protein (referred to as InlB-GWAmi-His) from the strong and constitutive hyper spac 503	
  

promoter. These single site integration vectors were initially introduced into the WT L. 504	
  

monocytogenes strain 10403S and strains 10403SΔgtlA and 10403SΔdltA, lacking Gal and D-Ala 505	
  

modifications on their LTA, respectively. The empty vector pHPL3 was also integrated into the 506	
  

chromosome of strain 10403S, to yield a negative control strain. All strains were grown overnight 507	
  

in liquid culture, a cell fractionation experiment was performed, and the His-tagged proteins were 508	
  

subsequently detected by western blot in the pellet (cell wall associated proteins) and supernatant 509	
  

fraction. As expected, no band was detected in samples prepared from the 10403S control strain 510	
  

containing the empty vector (Fig. 5B and 5C). Clear bands for the InlB-GW-His and InlB-GWAmi-511	
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His reporter proteins could be detected in all other samples. More importantly, the reporter 512	
  

proteins were detected in the cell pellet fraction for all strains and no signal was detected in the 513	
  

supernatant fractions, indicating that neither the D-alanine nor the Gal modification on LTA are 514	
  

required for the retention of GW-domain containing proteins within the cell wall of L. 515	
  

monocytogenes (Fig. 5B and 5C). 516	
  

 517	
  

GW domain proteins are retained in the cell wall of L. monocytogenes mutants lacking the 518	
  

LTA polymer. Next, we investigated whether or not the GW domain proteins would bind 519	
  

directly to the polyglycerolphosphate backbone of LTA. Strain 10403SΔltaS, which produces the 520	
  

GroP-glycolipid intermediate, but is unable to polymerize the LTA backbone chain, was 521	
  

constructed in a previous study (25). This strain has a severe growth defect at 37oC and bacteria 522	
  

tend to lyse (25). This makes this strain difficult to handle and transform with plasmids, so a 523	
  

suppressor strain 10403SΔltaSsup with improved growth was generated by repeated passage at 524	
  

37°C. The 10403S strain used in this study has four high frequency and quality single nucleotide 525	
  

polymorphisms (SNPs), when compared to genome sequence of strain 10403S deposited under 526	
  

RefSeq accession number NC_017544.1 (Table S3). Whole genome sequencing revealed that 527	
  

strain 10403SΔltaSsup has eight additional SNPs compared to our WT strain. Two of these SNPs 528	
  

are in intergenic regions and six are within coding regions and of these two are within genes 529	
  

coding for enzymes that are directly related to cell wall synthesis; namely the peptidoglycan 530	
  

hydrolase Iap (or p60) and the D-glutamyl-L-m-Dpm peptidase P45. The nucleotide substitution 531	
  

in iap does not lead to an actual amino acid substitution and it is therefore unclear if this SNP 532	
  

affects the protein function (Table S3). On the other hand, the single nucleotide insertion in p45 533	
  

leads to a frame shift mutation and likely inactivation of the enzyme potentially causing changes 534	
  

in the peptidoglycan structure. In addition to these SNPs, strain 10403SΔltaSsup has the 535	
  

engineered large deletion in the ltaS gene and was therefore still unable to produce the LTA 536	
  

polymer, as assessed by western blot analysis (Fig. 6A). Of note, strain 10403SΔltaSsup was still 537	
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able to produce the other cell wall polymer WTA (Fig. 6B). In order to also prevent the synthesis 538	
  

of the GroP-glycolipid intermediate, the ltaP gene was then deleted, yielding the double mutant 539	
  

10403SΔltaPΔltaSsup strain, which was as expected LTA-negative and WTA positive (Fig. 6A 540	
  

and 6B). Next, plasmids pHPL3-inlB-GW-His and pHPL3-inlB-GWami-His were introduced into 541	
  

strains 10403SΔltaSsup and 10403SΔltaPΔltaSsup and the cellular location of the reporter proteins 542	
  

was assessed by a cell fractionation and western blot experiment. Surprisingly, the signal for the 543	
  

reporter protein was again detected in the pellet fraction in both strains, revealing that GW 544	
  

domain containing proteins can be retained within the cell wall even in a strain completely 545	
  

lacking the LTA polymer (Fig. 6C and 6D). To investigate this further, we also assessed the 546	
  

localization of the Ami protein in wild-type as well as mutant L. monocytogenes strains lacking 547	
  

LTA or its modification. As observed for the InlB constructs, the native Ami protein was 548	
  

primarily found within the cell wall fraction but absent from the supernatant fraction (Fig. 6E). 549	
  

Taken together, these data suggest that the LTA polymer is not the only cell wall receptor for GW 550	
  

domain containing proteins in L. monocytogenes. 551	
  

 552	
  

Assessing the contribution of WTA in the retention of GW domain containing cell wall 553	
  

proteins. The two other major cell wall polymers in L. monocytogenes are WTA and 554	
  

peptidoglycan. WTA synthesis is initiated in the cytoplasm of the cell by a reaction catalyzed by 555	
  

the TagO enzyme. L. monocytogenes contains two tagO genes, lmo0959 (or LMRG_02058 in 556	
  

strain 10403S and referred to as tagO1) and lmo2519 (or LMRG_01729 in strain 10403S and 557	
  

referred to as tagO2). A WTA-depletion strain has been described recently in the EGD-e strain 558	
  

background, in which both tagO genes were deleted and the tagO1 gene was expressed in trans 559	
  

from an IPTG inducible promoter (21). The strain showed a severe growth defect. In order to 560	
  

assess the contribution of WTA in the retention of GW domain containing proteins, we 561	
  

consecutively deleted both tagO genes in the 10403S strain background, yielding strain 562	
  

10403SΔtagO1-2. As expected, the double tagO mutant strain 10403SΔtagO1-2 lacked WTA, 563	
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(Fig. 7A) but was still able to produce the LTA polymer (Fig. 6A). This strain exhibited a severe 564	
  

growth defect and both, WTA production and the growth defect, could be complemented by 565	
  

expression of either one of the tagO genes (Fig. 7B). Next, we set out to assess the contribution of 566	
  

WTA in the cell wall retention of GW domain containing proteins. However, strain 567	
  

10403SΔtagO1-2 was very difficult to grow and the bacteria were prone to lyse, so we were not 568	
  

able to introduce plasmids pHPL3-inlB-GW-His and pHPL3-inlB-GWami-His for expression of the 569	
  

reporter proteins into this strain. Only after strain 10403SΔtagO1-2 was passaged several times in 570	
  

broth culture and the suppressor strain 10403SΔtagO1-2sup with improved growth was obtained, 571	
  

was it possible to introduce plasmids pHPL3-inlB-GW-His and pHPL3-inlB-GWami-His. As 572	
  

determined by whole genome sequencing, strain 10403SΔtagO1-2sup contained, besides the 573	
  

engineered deletions in the tagO genes, a single SNP. This SNP is in plsX coding for an acyl-acyl 574	
  

carrier protein (ACP) phosphate acyltransferase, which is involved in membrane lipid 575	
  

biosynthesis (48). Strain 10403SΔtagO1-2sup was, as expected, unable to produce WTA but was 576	
  

still able to produce LTA (Fig. 6A and 6B). 10403SΔtagO1-2sup-derived strains were however 577	
  

still very fragile as exemplified by the following observation: Boiling wild-type 10403S bacteria 578	
  

in protein sample buffer does not lead to cell lysis and release of cytoplasmic proteins such as the 579	
  

ribosomal protein L6 (Fig. 7C and 7D) yet the same treatment leads to cell lysis and release of 580	
  

cytoplasmic proteins in strain 10403SΔtagO1-2sup (Fig. 7C and 7D). With this caveat in mind, we 581	
  

still went ahead and performed a cell fractionation experiment aimed to detect the InlB-GW-His 582	
  

and InlB-GWAmi-His proteins in the cell pellet or supernatant fraction. Only very small amounts 583	
  

of full-length proteins could be detected and predominately in the supernatant fraction (Fig. 7C 584	
  

and 7D). These results indicate that GW domain proteins might be retained in the cell wall by 585	
  

binding to the WTA structure. However, given the severe growth defect and fragile nature of the 586	
  

WTA negative strain, these data need to be interpreted with caution. As described below, we 587	
  

therefore set up an alternative method to assess the contribution of WTA as binding receptor for 588	
  

GW domain containing proteins.  589	
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 590	
  

The purified MBP-GWAmi fusion protein can bind to L. monocytogenes cells lacking WTA. 591	
  

Purified proteins containing GW domains can bind to WT L. monocytogenes cells when added 592	
  

externally (11). We now wanted to test if such reporter proteins could also bind to L. 593	
  

monocytogenes cells lacking WTA. To this end, an E. coli plasmid for the expression of an N-594	
  

terminally His-tagged maltose binding protein (His-MBP) fused to the Ami GW domains was 595	
  

constructed. The His-MBP-GWAmi fusion protein as well as the His-MBP control protein were 596	
  

expressed in E. coli and purified by Ni-affinity and size exclusion chromatography. Of note, a 597	
  

similar construct for expression of the His-MBP-GWInlB fusion protein was made, however the 598	
  

protein aggregated during the purification process and could not be used for further analysis. 599	
  

Next, the purified His-MBP and His-MBP-GWAmi fusion proteins were incubated with cell 600	
  

suspensions derived from strain 10403S (WT) or the WTA deficient strain 10403SΔtagO1-2sup 601	
  

(WTA negative). Suspensions of different densities corresponding to OD600 readings of 10, 1 or 602	
  

0.5 were used and as control the purified proteins were also incubated in the absence of cells (“no 603	
  

cell” samples). The samples were then centrifuged to pellet the bacteria and any bound protein, 604	
  

then the supernatant fraction was removed, analyzed by SDS-PAGE and any unbound protein 605	
  

visualized by coomassie staining. As expected, the His-MBP control protein did not bind to the 606	
  

bacterial cells and the protein was recovered in the supernatant fraction in all samples, regardless 607	
  

whether the protein was incubated in the absence of cells or in the presence of WT or 608	
  

10403SΔtagO1-2sup cells (Fig. 8). Also as expected, the His-MBP-GWAmi bound and pelleted 609	
  

with WT bacteria and was completely removed from the supernatant fraction when using high 610	
  

density cell suspension and partially removed when using lower cell density suspensions (Fig. 611	
  

8A). A similar result was obtained when 10403SΔtagO1-2sup cell suspensions were used, as the 612	
  

reporter protein pelleted with the bacteria and was absent from the supernatant fraction when high 613	
  

cell density suspensions were used or was only partially recovered in the supernatant fraction 614	
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when lower density cell suspensions were used (Fig. 8B). These results suggest that WTA is not 615	
  

required for the cell wall binding of GW domain proteins. 616	
  

 617	
  

The purified MBP-GWAmi fusion protein binds to purified peptidoglycan. To investigate 618	
  

whether GW domain containing proteins might directly bind to peptidoglycan, this cell wall 619	
  

polymer was purified from the WT strain 10430S as well as the WTA-deficient strain 620	
  

10403SΔtagO1-2sup. Part of the peptidoglycan purification process involves treatment of the 621	
  

sample with concentrated hydrofluoric acid (HF) to remove WTA. However, as the peptidoglycan 622	
  

was also purified from a WTA-deficient strain, binding assays were initially performed using 623	
  

peptidoglycan samples prior to HF treatment. The recombinant His-MBP and His-MBP-GWAmi 624	
  

proteins were incubated in the absence of peptidoglycan (no PG) or in the presence of 625	
  

peptidoglycan isolated from either the WT or WTA-deficient strains and used at concentrations of 626	
  

2.5 mg/ml, 0.5 mg/ml or 0.25 mg/ml. Similar to whole cells, the purified peptidoglycan material 627	
  

and any bound protein was removed by centrifugation. As expected, the His-MBP control protein 628	
  

was recovered in all samples in the supernatant fraction, showing that the MBP protein does not 629	
  

bind nonspecifically to purified peptidoglycan (Fig. 9). On the other hand, the His-MBP-GWAmi 630	
  

fusion protein bound to the peptidoglycan purified from the WT strain and was therefore no 631	
  

longer found in the supernatant fraction at the highest peptidoglycan concentration or found at 632	
  

reduced levels in the supernatant fraction at the lower peptidoglycan concentrations (Fig. 9A). 633	
  

The His-MBP-GWAmi protein showed even better binding to the peptidoglycan sample isolated 634	
  

from a WTA-deficient L. monocytogenes strain and no protein was recovered in the supernatant 635	
  

fraction even at a peptidoglycan concentration of 0.5 mg/ml (Fig. 9B). It has been estimated that 636	
  

WTA constitutes up to 70% of the cell wall dry weight in Listeria (20), hence the increased 637	
  

binding of the His-MBP-GWAmi to the peptidoglycan isolated from the WTA-negative strain as 638	
  

compared to the peptidoglycan isolated from a WT strain, might be due to the fact that the 639	
  

samples were normalized based on dry weight. Lastly, the peptidoglycan isolated from the WT L. 640	
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monocytogenes strain treated with concentrated HF to chemically remove WTA was also used in 641	
  

binding assays. The His-MBP-GWAmi protein also bound to this peptidoglycan sample (Fig. 9C), 642	
  

altogether suggesting that the peptidoglycan polymer is sufficient for the retention of GW domain 643	
  

containing proteins within the cell wall of L. monocytogenes. 644	
  

 645	
  

DISCUSSION  - Very little is known about the mechanism by which type I LTA is glycosylated 646	
  

and to the best of our knowledge, we have identified in the present study the first genetic 647	
  

determinant required for this process, namely the L. monocytogenes gene lmo0933 (renamed gtlA 648	
  

for glycosyltransferase LTA A) (Fig. 2 and 3). The biological function of the sugar modifications 649	
  

on LTA is currently not known and no difference in the growth rate was observed between a WT 650	
  

and the gtlA mutant L. monocytogenes strain under standard laboratory growth conditions (Fig. 651	
  

4). Based on a comprehensive transcriptomics study on the L. monocytogenes strain EGD-e by 652	
  

Toledo-Arana et al. (49), gtlA is predicted to be the first gene of a two gene operon formed 653	
  

together with lmo0932 (lmrg_02031) coding for a membrane protein of unknown function and 654	
  

predicted to contain a SNARE membrane fusion domain. In the same study no change in gtlA 655	
  

expression was observed during stationary phase, hypoxia, low temperature or during growth in a 656	
  

mouse model of infection as compared to growth at 37oC in BHI medium. Only when bacteria 657	
  

were grown in human blood, was a > than 2-fold decrease in expression observed (49). This 658	
  

indicates that gtlA may not be part of the general stress response pathway in L. monocytogenes. A 659	
  

BLAST and synteny analysis suggests that GtlA is present in a number of the other sequenced L. 660	
  

monocytogenes strains (13 strains out of 22 analyzed), as well as in L. ivanovii, and L. seeligeri, 661	
  

however it is absent in L. grayi, L. innocua or L. welshimeri (Table S4). This indicates that in the 662	
  

latter strains, LTA is either not glycosylated, modified with a different sugar or that an enzyme at 663	
  

a different chromosomal location performs this function. 664	
  

To investigate a potential biological function of the glycosyl modification on LTA, we assessed 665	
  

its contribution in the retention of non-covalently attached GW-domain containing proteins within 666	
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the cell wall of L. monocytogenes. The identification of the genetic determinants required for 667	
  

LTA production and its modifications, allowed us to construct L. monocytogenes strains lacking 668	
  

D-alanine or galactose modifications or the complete LTA polymer. Using these strains, we could 669	
  

subsequently assess the contribution of LTA and its modification in the retention of GW-domain 670	
  

containing proteins in living cells. Somewhat surprisingly, our analysis revealed that neither the 671	
  

modifications on LTA nor the actual LTA polymer were absolutely required for the cell wall 672	
  

retention of the GW-domain containing proteins (Figs. 5 and 6). Through further work using a 673	
  

WTA negative strain, as well as purified peptidoglycan, we identified the peptidoglycan polymer 674	
  

as a second binding receptor for GW-domain proteins (Figs. 8 and 9). This situation is 675	
  

reminiscent of the binding mode of the major autolysin Atl to the cell wall of S. aureus. Atl is a 676	
  

bifunctional enzyme with both amidase and glucosamindase domains, which are fused to the cell 677	
  

wall binding repeat domains. After multiple processing steps the amidase domain remains linked 678	
  

to the repeat domains R1a/R1b and R2a/R2b and the glucosamidase domain is preceded by the 679	
  

repeat domains R3a/R3b. These repeat domains share similarity to the GW domains found in L. 680	
  

monocytogenes proteins and are also, in the case of the Atl protein, essential for binding to the 681	
  

cell wall of S. aureus (50). The repeat domains in Atl also contain the highly conserved glycine-682	
  

tryptophan (GW) motif and based on their structural similarity with the eukaryotic Src Homology 683	
  

3 (SH3) domains have been grouped along with the GW domains found in L. monocytogenes 684	
  

proteins as SH3b (bacterial SH3) domains (14, 51, 52). Initial experiments indicated a direct 685	
  

interaction between the Atl repeat domains and the peptidoglycan polymer in S. aureus (53) and 686	
  

subsequent studies identified an additional interaction between the repeat domains and the LTA 687	
  

polymer (51, 52). Based on the findings presented in these previous studies and the data obtained 688	
  

in the current study, we suggest that this dual receptor binding mode is also observed in Listeria 689	
  

for GW-domain containing cell wall binding proteins. 690	
  

A model for the LTA glycosylation process involving two distinct glycosyltransferases and a 691	
  

sugar-linked undecaprenol phosphate intermediate (sugar-P-C55) has been proposed based on 692	
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biochemical studies performed in the 1980’s (30-32) (Fig. 1A). This model is based on the 693	
  

detection of sugar-P-C55 intermediates in Streptococcus sanguinis and diverse Bacillus strains, 694	
  

including Bacillus coagulans and Bacillus subtilis. These lipid-linked intermediates are produced 695	
  

in the presence of the respective nucleotide-activated sugars (UDP-sugars), monophosphoryl 696	
  

undecaprenol and membrane protein fractions, indicating that the enzyme catalyzing this step is a 697	
  

membrane-anchored glycosyltransferase (step 1 in Fig. 1A). In order to utilize the nucleotide-698	
  

activated sugar, the catalytic domain needs to be located in the cytoplasm of the cell. As the LTA 699	
  

backbone is polymerized on the outside of the cell, the sugar can therefore only be linked to the 700	
  

polymer on the outside of the cell. Thus, this requires that the sugar-P-C55 intermediate is 701	
  

transported across the membrane, likely with the aid of a dedicated transporter protein (step 2 in 702	
  

Fig. 1A). It is then utilized on the outside of the cell by a second membrane-bound 703	
  

glycosyltransferase with an extracellular catalytic domain (step 3 in Fig. 1A), which transfers the 704	
  

sugar onto the final LTA acceptor molecule. Experimental evidence supporting the notion that 705	
  

two distinct glycosyltransferases are involved in this process came from early work performed by 706	
  

Yokoyama et al., showing that the formation of the Gal-P-prenol intermediate in B. coagulans 707	
  

proceeds at an optimal pH of 8.4 and in the presence of MgCl2, whereas the transfer of the 708	
  

galactose from this lipid intermediate to the LTA polymer is most efficient at pH 4.5 in the 709	
  

presence of CaCl2 (32). 710	
  

We noted that the proposed LTA glycosylation process has similarities to the mechanism by 711	
  

which 4-amino-4-deoxyl-L-arabinose (L-Ara4N) is linked to lipid A in E. coli and Salmonella 712	
  

typhimurium (54) and used this information in the present study to identify GtlA (Lmo0933) as 713	
  

the glycosyltransferase involved in the LTA glycosylation process in L. monocytogenes. GtlA has 714	
  

homology to the E. coli glycosyltransferase ArnC, which transfers 4-amino-4-deoxyl-4-715	
  

formamido-L-arabinose (L-Ara4FN) from UDP-β-L-Ara4FN onto the C55-P (34). Nearly 100 716	
  

different families of glycosyltransferases have now been defined (55); however the structural fold 717	
  

of glycosyltransferases is limited and the majority of enzymes assume either a GT-A or GT-B 718	
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fold (55). Recently glycosyltransferases with a third, so called GT-C fold, have been defined; this 719	
  

fold is found in integral multi-transmembrane proteins with glycosyltransferase activity (55, 56). 720	
  

The L. monocytogenes GtlA and E. coli ArnC proteins are both GT2 family enzymes with a GT-721	
  

A fold glycosyltransferase domain at the N-terminal end and are retained within the membrane by 722	
  

two C-terminal transmembrane helices. Based on the analogy to the function of ArnC in the lipid 723	
  

A glycosylation process, we therefore propose that GtlA is the glycosyltransferase required for 724	
  

the production of the Gal-P-C55 lipid intermediate, which is subsequently used in the LTA 725	
  

glycosylation process (Fig. 1A step 1). However, further experiments and a biochemical 726	
  

characterization of the L. monocytogenes GtlA enzyme is required to experimentally conform this 727	
  

notion.  728	
  

While in this study we identified the first protein required for the LTA glycosylation process, it is 729	
  

clear that other proteins are required for this process likely including a transporter protein to move 730	
  

the sugar-P-C55 intermediate from the inside to the outside of the membrane and a second 731	
  

glycosyltransferase with extracellular activity. This second glycosyltransferase is likely to be a 732	
  

glycosyltransferase with a GT-C fold, as several enzymes with this fold have been shown to 733	
  

utilize lipid-linked sugars as substrates (35). However, none of the 15 glycosyltransferases 734	
  

annotated in the carbohydrate-activated enzymes (CAZY) database for L. monocytogenes strains 735	
  

EGD-e or 10403S falls into one of the currently known families of glycosyltransferases with a 736	
  

GT-C fold. The homology between known GT-C fold glycosyltransferases is generally very low 737	
  

and therefore these enzymes are difficult to predict bioinformatically. But, this makes it also very 738	
  

likely that additional new families of glycosyltransferases will be uncovered in the future in order 739	
  

to account for all the cellular processes requiring this class of enzymes.  740	
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 911	
  

FIG 1 Model for the glycosylation process of type I LTA in L. monocytogenes and LTA 912	
  

production in WT and a gtlA mutant strain. (A) Model for the glycosylation process of type I 913	
  

LTA. In this model, an enzyme with a cytoplasmically located glycosyltransferase (GT) domain 914	
  

likely with a GT-A fold, utilizes UDP-Gal as substrate to generate the C55-P-Gal lipid 915	
  

intermediate (Step 1). Following this, the lipid-linked sugar intermediate is transferred across the 916	
  

membrane presumably with the aid of a dedicated lipid flippase (Step 2), where a GT with an 917	
  

extracellular catalytic domain and likely assuming a GT-C fold, links the sugar onto LTA (Step 918	
  

3). It is of note that none of the enzymes have as of yet been identified in L. monocytogenes or 919	
  

any other bacterium producing type I LTA. This figure was adapted from Percy et al. (15). (B) 920	
  

LTA detection by western blot. Extracts from strains 10403S (WT), 10403S pPL3e (WT pPL3e), 921	
  

10403SΔgtlA (ΔgtlA), 10403SΔgtlA pPL3e (ΔgtlA pPL3e) and 10403SΔgtlA pPL3e-gtlA (ΔgtlA 922	
  

pPL3e-gtlA) were prepared and separated in 15% PAA gels as described in the Materials and 923	
  

Methods section. The LTA polymer was detected by western blot using a polyglycerlphosphate 924	
  

specific monoclonal antibody and positions of protein standards (in kDa) are indicated on the left 925	
  

hand side. Three independent experiments were performed and a representative result is shown. 926	
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 928	
  

 929	
  

FIG 2 Chemical structure and NMR analysis of LTA isolated from WT L. monocytogenes strain 930	
  

10403S, the gtlA (lmo0933) mutant and complementation strain. (A) Chemical structure of type I 931	
  

LTA synthesized by L. monocytogenes. Colored boxes indicate non-exchangeable protons in the 932	
  

LTA, which are referred to in the text and shaded in the same colors in the NMR spectra. Peaks 933	
  

highlighted in grey are derived from residual citrate, a buffer component used during the LTA 934	
  

purification process. (B-D) NMR spectra of LTA samples derived from L. monocytogenes strains 935	
  

(B) 10403S (WT), (C) 10403SΔgtlA (ΔgtlA) and (D) 10403SΔgtlA pPL3e-gtlA (gtlAcompl). The 936	
  

signals derived from the non-exchangeable protons were assigned to the different LTA 937	
  

components based on previously published spectra (39-41). The spectra are representatives of at 938	
  

least three independent experiments. 939	
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 941	
  

 942	
  

 943	
  

 944	
  

FIG 3 Determination of the LTA chain length and % D-Ala and Gal substitutions. LTA was 945	
  

extracted from strains 10403S (WT), 10403SΔgtlA (ΔgtlA) and the complementation strain 946	
  

10403SΔgtlA pPL3e-gtlA (gtlAcompl) and analyzed by NMR as shown in Fig. 2. The peaks were 947	
  

integrated and (A) the chain length and (B) the % D-Ala and % Gal substitutions were determined 948	
  

as described in the Materials and Methods section. The average values and standard deviations 949	
  

from three independent experiments are plotted. Statistical significance was determined using a 950	
  

two-tailed unpaired student T-test and only a statistical difference with a p value < 0.05 was 951	
  

observed for the % Gal substitution between the gtlA mutant and the WT or complementation 952	
  

strains. Otherwise the lowest P value was p = 0.2 indicating that there is no statistical significance 953	
  

difference in LTA chain length and % D-Ala modifications between all three strains or the % Gal 954	
  

substitution between the WT and the complementation strain. 955	
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 958	
  

 959	
  

FIG 4 Growth and motility of the L. monocytogenes strain WT, gtlA mutant and 960	
  

complementation strain. (A) Bacterial growth curve. L. monocytogenes strain 10403S (WT), 961	
  

10403SΔgtlA (ΔgtlA) and the complementation strain 10403SΔgtlA pPL3e-gtlA (gtlAcompl) were 962	
  

grown in BHI medium in 96-well plates at 37oC and OD600 readings determined at the indicated 963	
  

time points and plotted. (B) Plate motility assay. The same L. monocytogenes strains as in (A) 964	
  

were stab inoculated on low agar (0.3 %) BHI plates and incubated at 30oC for 18 h. The 965	
  

experiment was performed in triplicate and a representative result is shown. 966	
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 968	
  

 969	
  

 970	
  

FIG 5 Western blot analysis for the detection of InlB or His-tagged GW domain reporter proteins 971	
  

in the cell or supernatant fraction of L. monocytogenes strains lacking LTA modifications. (A) 972	
  

Cell and supernatant samples were prepared from overnight cultures of L. monocytogenes strains 973	
  

10403S and EGD grown in BHI or BHI 0.2% activated charcoal (BHI + 0.2% AC) medium and 974	
  

the InlB protein detected by Western blot. Ten µl of the cell associated protein samples (Cell) or 975	
  

supernatant samples (Sup) were separated on 10 % PAA gels and the InlB protein detected using 976	
  

an InlB specific antibody at a 1:1000 and an HRP- conjugated anti-mouse antibody at a 1:10,000 977	
  

dilution respectively. (B-C) Cell and supernatant samples were prepared from overnight cultures 978	
  

of L. monocytogenes strains 10403S (WT), 10403SΔgtlA (ΔgtlA) and 10403SΔdltA (ΔdltA) 979	
  

containing (B) plasmid pHPL3-inlB-His (InlB-GW-His) or (C) plasmid pHPL3-inlB-amiGW-His 980	
  

(InlB-GWAmi-His) and subsequently analyzed by western blot as described in (A) using a HRP-981	
  

conjugated α-His antibody at a 1:1,000. The positions of the protein molecular mass markers are 982	
  

indicated on the left in kDa. Representative blots from three independent experiments are shown.  983	
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 984	
  

FIG 6 LTA, WTA and Western blot analysis for the detection of His-tagged GW domain reporter 985	
  

proteins and Ami protein in the cell or supernatant fraction of L. monocytogenes strains lacking 986	
  

the LTA polymer. (A) Detection of LTA by western blot. Extracts from strains 10403S (WT), 987	
  

10403SΔltaS (ΔltaS), 10403SΔltaAsup (ΔltaSsup), 10403SΔltaPΔltaSsup (ΔltaPΔltaSsup) and 988	
  

10403SΔtagO1-2sup (ΔtagO1-2sup) were prepared and separated on 15% polyacrylamide gel gels 989	
  

as described in the Materials and Methods section. The LTA polymer was detected by western 990	
  

blot using a polyglycerlphosphate specific monoclonal antibody and positions of protein 991	
  

standards (in kDa) are indicated on the left hand side. (B) Detection of WTA by alcian blue and 992	
  

silver staining. WTA was isolated from the same L. monocytogenes strains as in (A), separated on 993	
  

a native polyacrylamide gel and WTA visualized as described in the Materials and Methods 994	
  

section by an alcian blue silver staining procedure. (C and D) Cell and supernatant samples were 995	
  

prepared from overnight cultures of L. monocytogenes strains 10403S (WT), 10403SΔltaSsup, 996	
  

10403SΔltaPΔltaSsup containing (C) plasmid pHPL3-inlB-His (InlB-GW-His) or (D) plasmid 997	
  

pHPL3-inlB-amiGW-His (InlB-GWAmi-His) and His-tagged proteins detected by western blot 998	
  

analysis as in Fig. 4.. (E) Western blot analysis for the detection of Ami in the cell or supernatant 999	
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fraction of L. monocytogenes strains lacking LTA or its modifications. Cell and supernatant 1000	
  

samples were prepared from overnight cultures of L. monocytogenes strains 10403S (WT), 1001	
  

10403SΔgtlA (ΔgtlA), 10403SΔdltA (ΔdltA) and 10403SΔltaSsup (ΔltaSsup.). Ten µl of the cell 1002	
  

associated protein samples (Cell) or supernatant samples (Sup) were separated on 10 % PAA gels 1003	
  

and the Ami protein detected using a polyclonal rabbit antibody at a 1:5,000. The positions of the 1004	
  

protein molecular mass markers are indicated on the left in kDa. Representative results from three 1005	
  

independent experiments are shown. 1006	
  

 1007	
  

  1008	
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 1009	
  

FIG 7 Growth, WTA detection and Western blot analysis for the detection of His-tagged GW 1010	
  

domain reporter proteins in the cell or supernatant fraction of L. monocytogenes strains lacking 1011	
  

the WTA polymer. (A) Detection of WTA by alcian blue and silver staining. WTA was isolated 1012	
  

from the indicated L. monocytogenes strains, separated on a native polyacrylamide gel and WTA 1013	
  

visualized as described in the Materials and Methods section by an alcian blue silver staining 1014	
  

procedure. (B) Bacterial growth curve. Overnight cultures of the WT L. monocytogenes strain 1015	
  

10403S, the single tagO1, tagO2 mutants and the double tagO1-2 mutant as well as the tagO1-2 1016	
  

double mutant strain containing the complementation vector pPL3-tagO1 or pHPL3-tagO2 were 1017	
  

diluted to a starting OD600 of 0.07 and cultures incubated at 37°C. Bacterial growth was 1018	
  

monitored by determining OD600 readings at the indicated time points. Representative graphs of 1019	
  

two independent experiments are shown. (C and D) Cell and supernatant (Sup) samples were 1020	
  

prepared from overnight cultures of L. monocytogenes strains 10403S (WT) and 10403SΔtagO1-1021	
  

2sup strain containing (C) plasmid pHPL3-inlB-His (InlB-His) or (D) plasmid pHPL3-inlB-1022	
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amiGW-His (InlB-GWAmi-His). Strain 10403S (WT) containing the empty vector pHPL3 was 1023	
  

used as negative control. For the top panel, His-tagged proteins were detected as described in Fig. 1024	
  

5 using an HRP-conjugated α-His antibody and in the bottom panel membranes were incubated 1025	
  

with an α-L6 ribosomal protein primary antibody and an HRP-conjugated anti-rabbit secondary 1026	
  

antibody. The positions of protein molecular mass markers are indicated on the left of each panel 1027	
  

in kDa. Representative blots from three independent experiments are shown. 1028	
  

 1029	
  
 1030	
  

 1031	
  

  1032	
  



	
   43 

 1033	
  

 1034	
  

 1035	
  

FIG 8 Binding of purified His-MBP-GWAmi to whole cells of wild-type and WTA deficient L. 1036	
  

monocytogenes cells. Purified His-MBP or His-MBP-GWAmi protein was incubated in the absence 1037	
  

of cells or in the presence of (A) 10403S (WT) cell suspensions or (B) 10403SΔtagO1-2Sup (WTA 1038	
  

negative) cell suspensions.  “No cells” indicates control samples where the proteins were 1039	
  

incubated without cells and samples where the protein was incubated with bacterial suspensions 1040	
  

are labeled as OD600 = 10, OD600 = 1 or OD600 = 0.5 depending on cell densities. Cells and bound 1041	
  

protein were removed by centrifugation, then an aliquot of the supernatant fraction was analyzed 1042	
  

by SDS-PAGE and proteins visualized by coomassie staining.  The His-MBP and His-MBP-1043	
  

GWAmi proteins have predicted sizes of 45 kDa and 118 kDa, respectively. The positions of 1044	
  

protein molecular mass markers are indicated on the left in kDa. Representative gels from three 1045	
  

independent experiments are shown. 1046	
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 1048	
  

 1049	
  

FIG 9 Binding of His-MBP-AmiGW to purified peptidoglycan isolated from wild-type or WTA 1050	
  

deficient L. monocytogenes cells. (A and B) Peptidoglycan isolated from strain 10403S (WT) or 1051	
  

the WTA deficient strain 10403SΔtagO1-2Sup (WTA negative) was suspended at the indicated 1052	
  

concentration prior to HF treatment and incubated with purified His-MBP or His-MBP-GWAmi 1053	
  

protein. “No PG” indicates control samples where the proteins were incubated without 1054	
  

peptidoglycan. Peptidoglycan and bound protein were removed by centrifugation, an aliquot of 1055	
  

the supernatant fraction was analyzed by SDS-PAGE, and the proteins were visualized by 1056	
  

coomassie staining. (C) Peptidoglycan isolated from strain 10403S (WT) was suspended at the 1057	
  

indicated concentration after HF treatment to chemically remove WTA and incubated with 1058	
  

purified His-MBP or His-MBP-GWAmi protein and processed as described above. The His-MBP 1059	
  

or His-MBP-GWAmi proteins have predicted sizes of 45 kDa and 118 kDa, respectively. The 1060	
  

positions of protein molecular mass markers are indicated on the left in kDa. Representative gels 1061	
  

from three independent experiments are shown. 1062	
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