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a b s t r a c t 

A major determinant of β-lactam resistance in methicillin-resistant Staphylococcus aureus (MRSA) is 

the drug insensitive transpeptidase, PBP2a, encoded by mecA . Full expression of the resistance pheno- 

type requires auxiliary factors. Two such factors, aux iliary factor A ( auxA, SAUSA300_0980 ) and B ( auxB, 

SAUSA30 0_10 03 ), were identified in a screen against mutants with increased susceptibility to β-lactams 

in the MRSA strain, JE2. auxA and auxB encode transmembrane proteins, with AuxA predicted to be a 

transporter. Inactivation of auxA or auxB enhanced β-lactam susceptibility in community-, hospital- and 

livestock-associated MRSA strains without affecting PBP2a expression, peptidoglycan cross-linking or wall 

teichoic acid synthesis. Both mutants displayed increased susceptibility to inhibitors of lipoteichoic acid 

(LTA) synthesis and alanylation pathways and released LTA even in the absence of β-lactams. The β- 

lactam susceptibility of the aux mutants was suppressed by mutations inactivating gdpP , which was pre- 

viously found to allow growth of mutants lacking the lipoteichoic synthase enzyme, LtaS. Using the Gal- 

leria mellonella infection model, enhanced survival of larvae inoculated with either auxA or auxB mutants 

was observed compared with the wild-type strain following treatment with amoxicillin. These results in- 

dicate that AuxA and AuxB are central for LTA stability and potential inhibitors can be tools to re-sensitize 

MRSA strains to β-lactams and combat MRSA infections. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. INTRODUCTION 

Staphylococcus aureus is a leading cause of bacterial infections, 

anging from mild skin to life-threatening infections. One major 

lass of antibiotics used to treat S. aureus infections is the β- 

actams, which target penicillin-binding proteins and inhibit the 
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ranspeptidation step in peptidoglycan biosynthesis. Since the in- 

roduction of penicillin in the early 1940s, S. aureus has acquired 

echanisms to overcome the bactericidal activity of β-lactam an- 

ibiotics. The acquisition by S. aureus of the bla Z gene, which 

ncodes a penicillinase that inactivates β-lactams, resulted in 

hese drugs being ineffective [1] . New generations of penicillinase- 

esistant β-lactams (e.g. oxacillin and methicillin) restored the bac- 

ericidal effect, but the benefits were neutralized when S. au- 

eus acquired the mecA gene that encodes PBP2a, a penicillin- 

inding protein with low affinity to β-lactams [2] . Although the 

ain of the mecA gene has made methicillin-resistant S. aureus 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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MRSA) resistant to almost all β-lactams, they remain an impor- 

ant class of antibiotics because of their superior efficiency against 

ethicillin-sensitive S. aureus (MSSA) infections compared with 

RSA standard-of-care drugs (e.g. vancomycin) and are safe to use 

3] . 

One approach to treat MRSA infections has been to target the 

uxiliary factors that assist PBP2a in conferring β-lactam resis- 

ance. Several known auxiliary factors are involved in cell wall bio- 

enesis and regulation, including the Fem peptidyltransferases that 

dd a penta-glycine stem to lipid II [4] ; PBP4 that synthesizes pep- 

idoglycan [5] ; GlcNAc-1-P-transferase TarO that initiates the bio- 

enesis of wall teichoic acid (WTA) [6] ; the WTA GlcNAc trans- 

erase TarS [7] ; the polymerizing division protein, FtsZ [8] , and the 

wo-component system VraSR [9] . Mutations or inhibitors of aux- 

liary factors are synergistic in combination with β-lactams both 

n vitro and in vivo , and markedly increase β-lactam susceptibility 

10] . 

In the current study, the Nebraska Transposon Mutant Library 

as screened for mutants that exhibited increased susceptibil- 

ty to three classes of β-lactams: cephalosporins, carbapenems or 

enicillins. Along with previously identified auxiliary factors, the 

creens revealed two mutants with transposon (Tn) inserts in gene 

AUSA300_0980 or SAUSA30 0_10 03 that failed to grow in the pres- 

nce of sub-lethal concentrations of β–lactam antibiotics. Previ- 

us studies have shown SAUSA300_0980 and SAUSA30 0_10 03 mu- 

ants to be sensitive to inhibitors of lipoteichoic acid (LTA) syn- 

hesis apparatus [ 11 , 12 ]. LTA is a phosphoglycerol polymer that 

s polymerized outside the cell by the membrane-linked lipote- 

choic synthase enzyme, LtaS and is attached to the cell mem- 

rane via a glycolipid anchor, diglucosyl-diacylglycerol. This anchor 

s formed by YpfP and flipped across the membrane by LtaA [13] . 

n addition, LTA is decorated with D-alanine moieties that intro- 

uce positive charge to the negatively-charged polymer backbone 

14] . LTA and the machinery behind its synthesis and modification 

ave been ascribed roles in cell division [ 15 , 16 ], cationic antimicro-

ial peptide resistance [17] , β–lactam resistance [16] , and autolytic 

ctivity regulation [18] . In the currently study, SAUSA300_0980 

nd SAUSA30 0_10 03 were named aux iliary factors A ( auxA ) and 

 ( auxB ), respectively. This paper includes the characterization of 

hese mutants and provides evidence that AuxA and AuxB are suit- 

ble in vivo targets for the development of β-lactam adjuvants to 

reat MRSA infections. 

. MATERIALS AND METHODS 

.1. Bacterial strains and culture conditions 

Bacterial strains (Table S1) were cultured in tryptic soy 

roth (TSB), tryptic soy agar (TSA), and Mueller–Hinton Broth 

Thermo Fisher Scientific). Antibiotics (Merck KGaA) used in 

his study included β-lactams (oxacillin, amoxicillin, carbeni- 

illin, cefalothin, cephradine, cefoxitin, cefuroxime, ceftazidime 

nd meropenem), chloramphenicol, vancomycin, bacitracin, D- 

ycloserine, tunicamycin, congo red, amsacrine, daptomycin, nisin, 

entamicin, ciprofloxacin and erythromycin. 

.2. Screening of transposon mutant library 

The Nebraska Transposon Mutant Library is stored in glycerol 

n 96-well microtiter plates at -80 °C. Material from the frozen 

tock was transferred directly with a Deutz 96 cryo-replicator from 

he 96-well microtiter plates onto TSA plates supplemented with 

 μg/mL erythromycin and half the minimum inhibitory concen- 

ration (MIC) of ceftazidime, oxacillin or meropenem. The plates 

ere incubated at 37 °C for 24 h and visually inspected for lack of 

rowth of individual mutants. 
2 
.3. Construction and complementation of aux mutants 

To construct auxA and auxB mutants, the auxA and auxB trans- 

oson mutations were transduced by phage φ11 from donor strains 

E2_ auxA and JE2_ auxB into other S. aureus strains, including MW2, 

OL, ST398 and Newman. Briefly, φ11 was propagated with donor 

trains and φ11 lysate with a titer of 10 11 pfu/mL was incubated 

ith the recipient S. aureus strains for 10 min before plating on 

SA with 2.5 μg/mL erythromycin. Transductants were then geno- 

yped by polymerase chain reaction (PCR) with primer pair auxA- 

or/auxA-rev for the auxA mutation or auxB-for/auxB–rev for the 

uxB mutation (Table S2). 

To construct markerless clean deletion mutants, the DNA frag- 

ents flanking auxA or auxB were amplified using primers A5/A3 

r B5/B3 (Table S2) and ligated before being sub-cloned into the 

IMay vector [19] . The resulting knockout vectors were trans- 

ormed into MRSA JE2 strain and the auxA and auxB deletion mu- 

ants were constructed by allelic exchange following a previously 

ublished procedure [19] . 

To construct auxA and auxB expression vectors, the open read- 

ng frame of both genes was amplified by PCR with Phusion High- 

idelity DNA Polymerase (New England Biolabs) and the primer 

airs, A5/A3 for auxA and B5/B3 for auxB . The amplicons were 

ub-cloned into expression vector pRB474 at BamHI/EcoRI sites us- 

ng the infusion cloning kit (Takara Bio Inc.). The recombinant ex- 

ression vectors were propagated in transition host Escherichia coli 

C10B cells before being electroporated into auxA and auxB trans- 

oson and deletion mutants. The complemented mutants were se- 

ected on TSA containing 10 μg/mL chloramphenicol. 

.4. Antimicrobial susceptibility tests 

The broth microdilution method was used to assess the MIC 

or β-lactams, nisin, D-cycloserine, congo red, amsacrine and tu- 

icamycin. Briefly, the tested antibiotics were dissolved in Mueller- 

inton Broth (Thermo Fisher Scientific) and serial two-fold dilution 

f each antibiotic placed into the wells of a 96-well, round bottom, 

icrotiter plate (Corning). A bacterial culture was adjusted with 

aline to 0.1 OD 600 and 5 μL of the bacterial suspension trans- 

erred into each well of the microtiter plate. The plate was incu- 

ated at 37 °C overnight and the MICs were recorded as the low- 

st concentration with no growth. MICs for vancomycin, bacitracin, 

aptomycin, gentamicin and ciprofloxacin were determined using 

tests (bioMérieux) on TSA plates without erythromycin supple- 

entation according to the manufacturer’s instructions. 

.5. Raising β-lactam suppressor mutations 

To select mutations that would revert the β-lactam-sensitive 

henotype of JE2_ auxA and JE2_ auxB , strains were grown overnight 

nd 50 μL of undiluted culture were plated on TSA with 4 μg/mL 

efotaxime and incubated at 37 °C for 24 h. Three colonies from 

ach plate were re-streaked onto TSB agar with 4 μg/mL cefo- 

axime, and chromosomal DNA from individual colonies was iso- 

ated using the DNeasy Blood & Tissue Kit (Qiagen). DNA samples 

ere sent to Statens Serum Institut for paired-end sequencing us- 

ng the NextSeq 550 system (Illumina). One run failed, leaving five 

equenced suppressor mutants. Analysis of output reads was per- 

ormed in CLC Genomics Workbench. 

.6. Fourier transform infrared (FTIR) spectroscopic analysis 

FTIR spectroscopic measurement and spectral processing were 

erformed as reported previously [20] . In brief, bacteria were 

rown on TSA at 30 °C for 24 h and the measurement was con- 

ucted on a Tensor 27/HTS-XT microplate adapter FTIR spectrom- 
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ter (Bruker Optics GmbH). Principal component analysis (PCA) 

omputation at the spectral region for carbohydrates (120 0–80 0 

m 

-1 ) was based on the NIPALS algorithm and the first and second 

omponents were projected for PCA using the software Unscram- 

ler X (CAMO Software). 

.7. Western blot analysis of PBP2a 

Cultures of JE2 wild-type (WT), JE2_ auxA and JE2_ auxB were di- 

uted to 0.05 OD 600 and grown to 0.8 OD 600 . A volume of 20 mL

ulture was centrifuged at 12 0 0 0 ×g for 5 min and the pellet was

esuspended in 800 μL 50 mM Tris-HCl. Cells were lysed by bead 

eating (6.0 m/s, 45 s, 3 times) using a FastPrep-24 homogenizer 

MP Biomedicals, CA, USA) and spun down. The supernatant was 

entrifuged at 10 0 0 0 0 ×g for 1 h and the membrane fraction (pel-

et) resuspended in 50 μL 50 mM Tris-HCl. 13 μL of cell membrane 

ractions were mixed with reducing agent and sample buffer and 

oaded onto a NuPAGE Novex 4-12% Bis-Tris protein gel and run 

or 45 min at 200V and 350A in MOPS running buffer (Thermo 

isher Scientific). Protein was transferred to a polyvinylidene diflu- 

ride (PVDF) membrane and the WesternBreeze Chemiluminescent 

it (Thermo Fisher Scientific) was applied following the manufac- 

urer’s protocol. Protein bands were developed using 1 μg/mL anti- 

BP2a antibody (Ray Biotech) and 1 μg/mL human IgG were added 

o all buffers to block unspecific Protein A binding. 

.8. Western blot analysis of LTA 

Overnight cultures of JE2 WT, JE2_ auxA , JE2_ auxB , JE2_ ltaA , and

E2_ pbpD were diluted to 0.05 OD 600 and grown for 8 h in TSB

edium with or without 0.05 μg/mL oxacillin and samples were 

ithdrawn for analysis of pellet and supernatant fractions. For pel- 

et fraction analysis, 100 μL of the bacterial culture were collected 

y centrifugation and resuspended in 50 μL lysis buffer (normal- 

zed to OD 600 ) containing 50 mM Tris (pH 7.4), 150 mM NaCl, 

nd 200 μg/mL lysostaphin, before incubation at 37 °C for 10 min. 

he cells were diluted with one volume of 4x LDS sample buffer 

Thermo Fisher Scientific) and boiled for 30 min. Insoluble mate- 

ial in the samples was collected by centrifugation at 16 0 0 0 ×g 

nd the supernatant was diluted with one volume of water and 

reated with 0.5 μL proteinase K (20 mg/mL) for 2 h. 

For LTA analysis in supernatant, 500 μL of overnight culture 

ere centrifuged at 16 0 0 0 ×g. 75 μL of supernatant were mixed 

ith 25 μL 4x LDS sample buffer and boiled for 30 min. Insoluble 

aterial in the samples was collected by centrifugation at 16 0 0 0 

g. Pellet and supernatant fractions were loaded onto a NuPAGE 

ovex 4-12% Bis-Tris protein gel and run for 90 min at 100V and 

00A in MES running buffer. LTA was transferred to a PVDF mem- 

rane and bands were developed using the WesternBreeze Chemi- 

uminescent Kit with the anti-LTA mAb 55 antibody from Hycult 

iotech. 

.9. Bocillin-FL labelling of PBPs 

15 μg of membrane proteins were labelled with 15 μM bocillin- 

L (Thermo Fisher Scientific) for 10 min at 30 °C. The reaction was 

topped by addition of 4x SDS-PAGE sample buffer (Merck), and 

abelled membrane proteins were separated on a NuPAGE Novex 

-12% Bis-Tris protein gel and visualized on a Gel-Doc XR + imager 

Bio-Rad). 

.10. Preparation and analysis of peptidoglycan 

Overnight cultures of S. aureus strains, JE2 WT, JE2_ auxA and 

E2_ auxB were used to inoculate 1 L of TSB, which was grown 
3 
o 0.5 OD 600 , then cooled on ice and collected by centrifuga- 

ion. Peptidoglycan preparation and high performance liquid chro- 

atography (HPLC) analysis of the digested peptidoglycan samples 

ere performed as previously described [21] . The distribution of 

onomeric, dimeric, trimeric and higher oligomeric peptidoglycan 

as quantified by integration of peaks belonging to each group, 

elative to the total peak area. 

.11. Triton X-100-induced lysis assay 

Overnight cultures were diluted to an 0.05 OD 600 and grown 

ntil 0.8 OD 600 . The cultures were chilled in an ice-ethanol bath, 

pun down (10 0 0 0 ×g, 4 °C, 5 min) washed in ice-cold water and

ollected by centrifugation. The pellet was resuspended in half the 

nitial volume of lysis-buffer (50 mM Glycine, 0.01% Triton X-100, 

H 8). The samples were incubated at 37 °C and OD 600 was mea- 

ured every 15 min for 3 h. 

.12. Galleria mellonella infection model 

Galleria mellonella larvae (Livefoods Direct Limited, Sheffield) 

ere used as an infection host for investigating the virulence of 

athogenic bacteria and evaluating efficacy of antibiotic therapy 

or bacterial infections [22] . The bacterial inoculum was prepared 

rom overnight cultures and adjusted to 0.3 OD 600 in sterile wa- 

er. Aliquots of 5 μL (~1.5x10 6 CFU/larvae) were injected to each 

arva using a Hamilton Microliter TM syringe via the last right pro- 

eg. Each group contained 10 larvae. After injection, larvae were in- 

ubated at 37 °C in petri dishes. To test the efficacy of amoxicillin 

gainst S aureus strains, a dose of 30 mg/kg was administered 1 h 

ost-infection. Survival was recorded every 24 h for 7 days. Larvae 

ere considered dead if they become black and crusty or discol- 

red and unresponsive to touch. Two control groups were used, 

he first received no injection and the other received PBS only to 

valuate death related to trauma. 

.13. Statistics 

Data were analyzed using GraphPad Prism 7.04 (GraphPad Soft- 

are Inc., CA) with statistical significance highlighted: no signifi- 

ance (ns), ∗( P < 0.05). The final survival rates of the Galleria mel- 

onella infection model were compared using the Gehan-Breslow- 

ilco xon test. 

. RESULTS & DISCUSSION 

.1. Transposon inactivation of auxA and auxB decreases β-lactam 

esistance in MRSA 

The Nebraska Transposon Mutant Library, which is derived from 

he community-acquired MRSA strain JE2, was screened to identify 

odulators of β-lactam susceptibility in MRSA for lack of growth 

n agar plates supplemented with three classes of β-lactams, 

amely cephalosporins (ceftazidime), carbapenems (meropenem) 

r penicillins (oxacillin), at concentrations corresponding to half 

he MIC. Growth was compromised by inactivation of genes al- 

eady described to affect β-lactam susceptibility in S. aureus , in- 

luding mecA, pbpD encoding PBP4 [ 5 , 23 ], two-component system 

ember VraS [9] , and the global regulator, sarA [24] . In addition, 

wo genes were identified, SAUSA300_0980 and SAUSA30 0_10 03 , 

hich had previously been found in a screen for mutants with 

ncreased susceptibility towards clinically relevant antibiotics in- 

luding β-lactams [25] . The aim of this study was to further 

haracterize these mutations and the affected genes were des- 

gnated aux iliary factor A ( auxA; SAUSA300_0980 ) and B ( auxB; 

AUSA30 0_10 03 ). 



K. Mikkelsen, W. Sirisarn, O. Alharbi et al. International Journal of Antimicrobial Agents 57 (2021) 106283 

Table 1 

MIC (μg/mL) of β-lactams against JE2, the isogenic auxA and auxB transposon mutants, auxA and auxB knock-out mutants ( �auxA and �auxB ) and complemented 

strains. 

Strains Plasmid Oxacillin Amoxicillin Carbenicillin Cefalotin Cefoxitin Cefuroxime Ceftazidime Cefotaxime Meropenem 

JE2 - 32 32 64 32 64 > 512 256 16 4 

JE2 pRB474 64 64 64 32 64 > 512 256 ND 4 

JE2_ auxA - 1 4 4 1 8 2 32 0.75 0.125 

JE2_ auxA pRB474 1 4 4 1 4 2 32 ND 0.125 

JE2_ auxA pRB474- auxA 8 16 8 2 16 32 64 ND 2 

JE2 �auxA - 4 ND ND ND ND ND 8 ND ND 

JE2 �auxA pRB474- auxA 8 ND ND ND ND ND 32 ND ND 

JE2_ auxB - 16 8 8 4 32 32 64 1 1 

JE2_ auxB pRB474 8 8 8 4 32 32 64 ND 1 

JE2_ auxB pRB474- auxB 32 32 64 16 64 512 128 ND 4 

JE2 �auxB - 2 ND ND ND ND ND 16 ND ND 

JE2 �auxB pRB474- auxB 8 ND ND ND ND ND 32 ND ND 

MIC, minimum inhibitory concentration; ND, not determined. 

Table 2 

MIC ( μg/mL) of non- β-lactam antibiotics against auxA and auxB Tn mutants. 

Cell wall Teichoic acids Cell membrane Protein synthesis DNA synthesis 

Strains Vancomycin Bacitracin DCS Tunicamycin Congo Red Amsacrine Daptomycin Nisin Gentamicin Ciprofloxacin 

JE2 1.5 256 32 > 16 0.03% > 320 0.25 512 0.5 > 32 

JE2_ auxA 0.38 128 8 > 16 0.004% 5 0.19-0.38 256-512 0.38 > 32 

JE2_ auxB 1 128 16 > 16 < 0.004% 5 0.19-0.38 256-512 0.5 12-16 

MIC, minimum inhibitory concentration. DCS, D-cycloserine. 

Table 3 

MICs ( μg/mL) of oxacillin, cefoxitin and meropenem against CA-MRSA MW2, HA- 

MRSA COL, LA-MRSA ST398 and MSSA Newman. 

Strains Oxacillin Cefoxitin Meropenem 

MW2 32 32 2 

MW2_ auxA 8 16 0.25 

MW2_ auxB 8 16 0.5 

COL 512 512 16 

COL_ auxA 32 64 2 

COL_ auxB 64 256 8 

ST398 4 16 0.125 

ST398_ auxA 2 4 0.03 

ST398_ auxB 2 2 0.06 

Newman 0.19 2 0.094 

Newman_ auxA 0.094 0.5 0.032 

Newman_ auxB 0.094 0.75 0.032 

MIC, minimum inhibitory concentration. 
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Assessing the MIC of the mutants to representatives of differ- 

nt β-lactam classes showed that the JE2_ auxA::Tn mutant (hence- 

orth JE2_ auxA ) had an 8- to 256-fold reduction in MIC towards 

enicillins (oxacillin, amoxicillin and carbenicillin), cephalosporins 

cefalotin, cefoxitin, cefuroxime and ceftazidime) and carbapen- 

ms (meropenem). Inactivation of auxB in JE2_ auxB::Tn (hence- 

orth JE2_ auxB ) led to a 2- to 16-fold reduction towards β-lactams 

 Table 1 ). In contrast, susceptibility to antimicrobials targeting cell 

embrane and protein or DNA synthesis was unaffected ( Table 2 ). 

omplementation of the transposon mutants with a vector ex- 

ressing either the WT auxA or auxB partially restored β-lactam 

ICs ( Table 1 ). The effect of auxA and auxB on β-lactam sus-

eptibility was further confirmed in deletion mutants ( �auxA and 

auxB ) ( Table 1 ). 

Transduction of the auxA and auxB mutations into livestock- 

ssociated (ST398), hospital-acquired (COL) and community- 

cquired (MW2) MRSA strains confirmed that the mutations also 

ed to an increased β-lactam susceptibility in these strain back- 

rounds. Furthermore, inactivation of auxA and auxB in strain New- 

an, an MSSA strain, also resulted in an increased β-lactam sen- 

itivity, albeit to a lesser extent than observed in the MRSA strains 

 Table 3 ). This agrees with a previous study, where inactivation of 

he same genes reduced oxacillin resistance in the MSSA strain, 
4 
G003 [25] . Thus, the current study results indicate that AuxA 

nd AuxB influence β-lactam resistance independently of mecA and 

heir activities are ubiquitous amongst S. aureus strains. 

.2. Topological and structural prediction of the AuxA and AuxB 

roteins 

BlastN analysis showed that auxA and auxB are conserved 

mong S. aureus strains, whereas BlastP analysis with AuxA or 

uxB as probes failed to identify any homologues of known func- 

ion. Membrane topology analysis by the Transmembrane Helices; 

idden Markov Model (TMHMM) [26] predicted that AuxA con- 

ains 10 transmembrane segments with a 94-amino acid intra- 

ellular domain between helices 6 and 7, and AuxB contains 3 

ransmembrane segments and an extracellular 192-amino acid C- 

erminal domain. 

The I-TASSER structure prediction server, which relies on a mul- 

iple template threading approach [27] , was used to obtain further 

nsight into the AuxA structure, and hence its potential function. 

-TASSER identified the closest structure in the PDB database as 

ecDF from Thermus thermophilus (TM-Score: 0.90). SecDF is an ac- 

essory factor of the conserved Sec protein translocation machin- 

ry and it has been shown in E. coli and Bacillus subtilis to be 

nvolved in the export of proteins [ 28 , 29 ]. Inactivation of secDF 

n S. aureus leads to increased susceptibility towards β-lactams 

nd vancomycin, which was unrelated to the expression of PBP1-4 

nd PBP2a but associated with increased autolysis, possibly via in- 

reased levels of the autolysin, LytM [ 30 , 31 ]. No significant similar-

ties to well-described proteins were found using the AuxB protein 

equence as a query. 

.3. PBP expression, peptidoglycan composition, and wall teichoic 

cid modifications are not altered in auxA and auxB mutants 

Initially we examined whether the increase in β-lactam sus- 

eptibility observed in the auxA and auxB mutants was influenced 

y decreased PBP2a expression. There were no differences in the 

mount of PBP2a in the membrane between WT and mutants with 

nd without oxacillin added to the growth medium ( Figure 1 A). 

nduction of PBP2a expression by oxacillin appears to be strain- 
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Fig. 1. Analysis of PBP levels in auxA and auxB mutants. Anti-PBP2a Western blot analysis (n = 3) (A), and Bocillin FL penicillin analysis (n = 2) (B) of JE2_ auxA , JE2_ auxB 

and WT mid-exponential phase cultures ±0.1 μg/mL oxacillin. Coomassie-stained protein gels serve as loading controls (A lower, B right). 
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Table 4 

Suppressor mutations found in the gdpP gene of JE2_ auxA 

and JE2_ auxB mutants passaged with cefotaxime. 

Strains Nucleotide change Amino acid change 

auxA_sup1 G1066A Gly356Ser 

auxA_sup2 C622T Arg208 ∗

auxB_sup1 C838T Gln280 ∗

auxB_sup2 T411A Tyr137 ∗

auxB_sup3 C376T Gln126 ∗

∗ = Stop codon. 
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pecific as others have reported a drastic increase under these 

onditions in the MRSA strain, N315 [32] . This confirms the no- 

ion that AuxA and AuxB act independently of PBP2a. Furthermore, 

here were no differences in PBP1, PBP2 and PBP4 levels when 

ell membranes were stained with Bocillin, a fluorescent β-lactam 

 Figure 1 B), indicating that PBP expression is generally not affected 

y the auxA and auxB mutations in exponential phase cultures. 

As β-lactams target PBPs involved in cell wall cross-linking and 

odulation, we assessed whether cell wall structure was affected 

y the inactivation of auxA and auxB . There were no differences 

n peptidoglycan profiles obtained after releasing the muropeptides 

ith cellosyl and separating them on an HPLC column (Figure S1). 

ikewise, the WTA glycosylation examined by FTIR spectroscopic 

olecular fingerprinting [20] was similar to WT in both mutant 

trains (Figure S2). 

.4. Triton X-100-induced autolysis is decreased in auxA and auxB 

utants 

During growth, the bacterial cell wall undergoes contin- 

ous remodelling that requires a tight coordination between 

eptidoglycan-synthesizing and -degrading enzymes [ 33 , 34 ]. When 

reated with Triton X-100, both auxA and auxB mutants demon- 

trated less lysis compared with the parental JE2 strain ( Figure 2 A). 

hen grown in the presence of 0.1 μg/mL oxacillin prior to Triton 

-100 lysis induction, the mutants showed decreased lysis with 

rofiles resembling mutants lacking either one of two major au- 

olysins, Atl or Sle1, whereas WT cells retained their lysis profile 

 Figure 2 B). Similar lysis profiles have been observed for a dltA mu- 

ant strain deficient in D-alanylation of teichoic acids [18] . 

.5. Suppressor mutations in gdpP restore β-lactam resistance in 

uxA and auxB mutants 

To further assess the role of auxA and auxB in β-lactam suscep- 

ibility, mutant strains were challenged with cefotaxime 4 × MIC 

nd suppressor mutants were selected and genome-sequenced. 

ll mutants had mutations in gdpP , which encodes a phospho- 

iesterase that degrades c-di-AMP (c-di-AMP). Four of five muta- 

ions truncated the gene to less than a third, leaving the protein 

ysfunctional; the last mutation was located in the DHH domain, 

hich is essential for phosphodiesterase activity ( Table 4 ) [35] . 

The connection between mutations in the gdpP gene and β- 

actam resistance has been shown in laboratory strains [36] and 

linical isolates [37] . Phenotypes related to gdpP inactivation in- 

lude increased peptidoglycan cross-linking (probably due to in- 
5 
reased pbpD transcription) and a decrease in cell size [35] . GdpP 

nactivation mutations arise in diverse mec -negative MRSA clinical 

solates [37] and can compensate for impaired growth in mutants 

acking the LTA synthase, LtaS [35] . 

.6. LTA stability is compromised by AuxA and AuxB 

Previous studies have shown SAUSA300_0980 ( auxA ) to be es- 

ential in the presence of the LtaS inhibitor, Congo red [11] and 

hat both auxA and auxB are essential in the presence of amsacrine, 

hich inhibits the dlt pathway responsible for D-alanylation of LTA 

12] . The results of the current study confirmed that the auxA and 

uxB mutations significantly reduced the Congo red and amsacrine 

ICs ( Table 2 ). Further, both auxA and auxB mutants were found 

o be susceptible to D-cycloserine ( Table 2 ), which inhibits the Alr 

acemase and Ddl ligase responsible for the conversion of L-alanine 

o D-alanine and D-ala-D-ala ligation, respectively [38] . 

To address how LTA may be compromised, LTA size and quan- 

ities were examined by Western blot with an antibody recogniz- 

ng the LTA phosphoglycerol backbone. Analysis of the LTA of pel- 

et fractions revealed no differences in size or quantity between 

he aux mutants and WT ( Figure 3 A). However, analysis of the su- 

ernatant fractions showed LTA being released to the medium by 

oth aux mutants in the presence or absence of sub-MIC oxacillin 

0.05 μg/mL) ( Figure 3 B). This was specific to the aux mutants as 

oth the WT strain and a mutant of another auxiliary factor, PBP4 

 pbpD ), did not show a release of LTA into the medium. The size of

he bands did not indicate an increased LTA chain length as seen 

n an ltaA mutant that produces high quantities of extended LTA 

olymers [ 16 , 39 ]. This indicates that auxA and auxB are involved

n LTA stability rather than LTA synthesis. The released LTA poly- 

ers could explain the attenuated lysis profiles ( Figure 2 ), as the 

egatively charged phosphoglycerol backbone was shown to bind 

utolysins and reduce autolytic activity [18] . 
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Fig. 2. auxA and auxB mutants are less susceptible to Triton X-100-mediated lysis. The decline in OD 600 was measured for an exponential phase culture washed and 

resuspended in lysis-buffer (50 mM Glycine, 0.01% Triton X-100, pH 8). Cultures (n = 3) were grown in TSB (A) or TSB with 0.1 μg/mL oxacillin (B) and standard deviations 

are shown. 
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.7. auxA and auxB are required for amoxicillin resistance in 

alleria mellonella 

The Galleria mellonella in vivo model was used to evaluate β- 

actam treatment potential combined with aux gene inactivation 

22] . After injection of JE2 WT or mutant cultures, survival of in- 

ected larvae was monitored over time ( Figure 4 ). All WT infected 

arvae died within 3 days post-infection (d.p.i.) whereas 30% of 

E2_ auxA -infected larvae and 10% of JE2_ auxB -infected larvae sur- 

ived, indicating that the auxA and auxB mutations lowered vir- 

lence levels. This agrees with a recent report of attenuated vir- 

lence of JE2_ auxA in a silkworm and mouse model [40] . Treat- 

ent of WT-infected larvae with amoxicillin did not significantly 

mprove survival rates. In contrast, amoxicillin treatment signifi- 

antly increased the survival rates of larvae infected with the auxA 

nd auxB mutants from 10% to 60% and 50%, respectively at 7 d.p.i. 

 Figure 4 ). These data demonstrate that inactivation of auxA and 

uxB improves efficacy of amoxicillin in the treatment of MRSA in- 

ections in Galleria mellonella . 
6 
.8. The role of AuxA and AuxB in LTA stability 

The data presented here indicate AuxA and AuxB have a 

ole in stabilizing LTA. The I-TASSER server predicts with high 

onfidence a structural similarity between AuxA and the acces- 

ory factor of the Sec translocation pathway, SecDF. Hence, AuxA 

nd AuxB might act together in assisting the Sec pathway or 

erhaps they could single-handedly transport yet unknown fac- 

ors across the membrane that could stabilize the LTA polymers 

 Figure 5 A). Alternatively, as the aux mutants show increased sen- 

itivity towards β-lactams, amsacrine and Congo red, and suppres- 

or mutations in gdpP correlate with mutant phenotypes of the 

TA synthesis pathway, AuxA and AuxB could stabilize the LTA 

olymer directly or via interactions with YpfP, LtaA and/or LtaS 

 Figure 5 B). The current study data provide the foundation for 

urther studies aiming to decipher the exact role of these two 

ovel important auxiliary factors in LTA stability and β-lactam 

esistance. 
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Fig. 3. auxA and auxB mutants release LTA into the supernatant. Anti-LTA Western blot of cells grown for 8 h. Pellet fractions (A) showed no difference in LTA content 

between aux mutants and WT. Release of LTA into the medium was detected from aux mutant cultures in TSB ±0.05 μg/mL oxacillin (B). Mutants of the LTA flippase ltaA 

and penicillin-binding protein pbpD were included as controls. 

Fig. 4. Amoxicillin treatment increases survival rates of JE2_ auxA and JE2_ auxB infected Galleria mellonella larvae. Each larva was injected with a bacterial inoculum 

of JE2 WT, JE2_ auxA or JE2_ auxB (~1.5x10 6 CFU) and 1 h.p.i. left untreated, injected with PBS, or treated with a single dose of amoxicillin (30 mg/kg). Amoxicillin treatment 

signifcantly improved the survival rate of JE2_ auxA and JE2_ auxB to 60% and 50% compared with 10% in JE2 infected larvae ( P < 0.0 0 01). 

7 



K. Mikkelsen, W. Sirisarn, O. Alharbi et al. International Journal of Antimicrobial Agents 57 (2021) 106283 

Fig. 5. Possible models for AuxA and AuxB role in LTA stability. (A) AuxA and AuxB assist the Sec protein export pathway in translocating proteins to the extracellular 

space, where these proteins stabilize the LTA polymer, or AuxAB might transport small proteins or peptides across the membrane single-handedly. (B) AuxA and AuxB 

stabilize LTA by physical interactions or assist members of the LTA pathway. 
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