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Abstract 23 
The development of antimicrobials that exert therapeutic efficacy by novel 24 
mechanisms is crucial toward combatting multidrug-resistant bacteria. We 25 
previously reported a novel antibiotic, lysocin E, that is effective against methicillin-26 
resistant Staphylococcus aureus (MRSA)1. Lysocin E exhibits more prominent 27 
therapeutic effects against S. aureus in a mouse systemic infection model compared 28 
with its basal antibacterial activity in vitro, but the detailed mechanism underlying 29 
this discrepancy was unclear. Here we show that serum or plasma from various 30 
species, including humans, increases the antimicrobial activity of lysocin E, and 31 
identified apolipoprotein A-I (ApoA-I) as an enhancing factor in the serum. Using 32 
gene knockout mice, we further revealed that ApoA-I contributes to the therapeutic 33 
effects of lysocin E. The binding capacity of lysocin E to ApoA-I was enhanced by 34 
lipid II, an intermediate component of S. aureus cell wall synthesis in the membrane, 35 
and ApoA-I enhanced the membrane-damaging activity of lysocin E at a sub-36 
minimum inhibitory concentration (sub-MIC). Our results are the first to 37 
demonstrate that antimicrobial activity can be potentiated through interactions of 38 
host serum proteins with microbial components to enhance the therapeutic effect, 39 
which broadens the strategies for developing antimicrobials by taking advantage of 40 
host-microbe interactions. 41 

 42 
Main text 43 
Since the discovery of penicillin, antimicrobial agents have been screened on the basis of 44 
their in vitro antimicrobial activity, which does not accurately reflect the host environment. 45 
In general, the binding of host proteins to antimicrobials has long been considered a major 46 
obstacle for the in vivo therapeutic activities of antimicrobials, drastically reducing the 47 
antimicrobial efficacies expected from in vitro analyses in the absence of host factors. 48 
Our unique strategy to search for antimicrobial agents, utilising the silkworm as a host 49 
for evaluating the in vivo effects of antimicrobials at early stages of screening2,3, which 50 
could exclude compounds with reduced antimicrobial activity due to host protein 51 
binding4,5, led to the discovery of a novel antibiotic, lysocin E1 (Extended Data Fig.1a). 52 
Lysocin E is therapeutically effective against a clinical isolate of an MRSA strain at doses 53 
lower than that expected on the basis of its in vitro antimicrobial activity (Table 1). The 54 
ratio of the median effective dose to the minimal inhibitory concentration (ED50/MIC) is 55 
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more than 16-fold smaller for lysocin E compared with other anti-MRSA drugs, 56 
indicating high therapeutic efficacy of lysocin E compared with the other anti-MRSA 57 
drugs. We therefore hypothesised that the antimicrobial activity of lysocin E is promoted 58 
by factors in the host environment.  59 

 60 

Extended Data Fig.1| Structure of compounds used in this study 61 
a, Structure of lysocin E and lysocin E derivative used in this study. Lysocin E natural type is 1, Bu-62 
type lysocin E is 2, and biotinylated lysocin E natural-type and Bu-type used in bio-layer 63 
interferometry (BLI) analysis or pull-down assay are 3 and 4, respectively. b, Structure of biotinylated 64 
menaquinone used in BLI analysis. c, Structure of delipidated lipid II.  65 
  66 
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Table 1| Therapeutic effect in a mouse systemic MRSA infection model and 67 
antimicrobial activity of anti-MRSA agent against MRSA. 68 
 Lysocin E Vancomycin Linezolid Daptomycin 

Antimicrobial activity 

(MIC : µg ml-1) 
4 1 2 0.5 

Therapeutic effect 

(ED50 : mg kg-1) 
0.36 4.2 3.8 0.73 

ED50/MIC 0.098 4.2 1.9 1.6 

  69 
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Serum ApoA-I enhances lysocin E activity 70 
In contrast to vancomycin or daptomycin, we found that the antimicrobial activity of 71 
lysocin E against a methicillin-sensitive S. aureus (MSSA) strain was increased by the 72 
addition of various animal sera, human plasma, or silkworm haemolymph (Fig. 1a). The 73 
increased antimicrobial activity of lysocin E induced by the addition of bovine serum was 74 
also observed against other S. aureus strains, and Gram-positive bacteria such as 75 
Staphylococcus spp. and Bacillus subtilis (Extended DATA Table 1). To understand the 76 
mechanism by which serum enhanced the activity of lysocin E, we purified the 77 
responsible factors in the bovine serum by measuring the increase in antimicrobial 78 
activity of lysocin E due to exposure to serum components (Extended Data Fig.1a). 79 
Ethanol extraction, ODS column chromatography, and gel filtration chromatography 80 
were performed. Analysis by sodium dodecyl sulphate-polyacrylamide gel 81 
electrophoresis (SDS-PAGE) revealed that the elution patterns of 32-kDa and 10-kDa 82 
proteins from gel filtration column chromatography were consistent with the 83 
antimicrobial enhancing activity of lysocin E (Extended Data Fig. 1b,c). Peptide mass 84 
fingerprinting (PMF) analysis revealed that the proteins were ApoA-I and II (Extended 85 
Data Fig. 1d). Both human recombinant ApoA-I and purified human ApoA-II reduced the 86 
MIC of lysocin E (Fig. 1b), confirming that ApoA-I and II are the serum factors 87 
responsible for enhancing the antimicrobial activity of lysocin E. Although ApoA-I 88 
exhibits antimicrobial activity against Gram-negative bacteria such as Escherichia coli 89 
and Klebsiella pneumoniae6,7, the addition of purified bovine and human ApoA-I or II did 90 
not inhibit the growth of S. aureus at up to 300 µg ml-1. Thus, the enhanced antimicrobial 91 
activity of lysocin E induced by ApoA-I, II is not due to direct antimicrobial activity of 92 
ApoA-I and II against S. aureus. 93 

To obtain genetic evidence for the involvement of ApoA in the therapeutic 94 
effects of lysocin E, we examined the therapeutic effect of lysocin E using gene knockout 95 
mice8. The concentration of ApoA-I is approximately 7-fold higher than that of ApoA-II 96 
in mouse plasma9; therefore, we performed further analysis using Apoa1 gene knockout 97 
mice. The enhancement of the antimicrobial activity of lysocin E in the serum of Apoa1 98 
homozygous deficient mice was 6-fold lower than that in wild-type mice (Fig. 1c). ApoA-99 
II is present in the serum of Apoa1 homozygous deficient mice at the same level as in 100 
wild-type mice10 and ApoA-I and ApoA-II showed similar enhancing activity (Extended 101 
Data Fig. 1a); thus, the residual activity in the serum of Apoa1 homozygous deficient 102 
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mice can be explained by the activity of ApoA-II. Next, we examined the therapeutic 103 
efficacy of lysocin E in an S. aureus systemic infection model using Apoa1 homozygous 104 
deficient mice. Lysocin E treatment did not reduce the number of surviving bacteria in 105 
the kidney of Apoa1 homozygous deficient mice, but did reduce the number of bacteria 106 
number in the kidney of wild-type mice (Fig. 1d). These results suggest that ApoA-I 107 
contributes to the therapeutic effect of lysocin E in mice. 108 
  109 
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 110 
Figure 1| Apolipoprotein A enhanced antimicrobial and therapeutic activity of lysocin E 111 
a, Effect of serum and plasma from various animals on the antimicrobial activities of lysocin E, 112 
vancomycin, and daptomycin against S. aureus MSSA1 strain. The same results were obtained in 3 113 
independent experiments. b, Reduction of the MIC of lysocin E against S. aureus by the addition of 114 
human recombinant ApoA-I protein and human ApoA-II. The data are representative of duplicate 115 
experiments with similar results. c, The lysocin E enhancing activity of serum prepared from Apoa1 116 
deficient mice. The data represent the mean ± S.E.M from three independent experiments. d, Effect of 117 
lysocin E in a systemic infection model of S. aureus using Apoa1 deficient mice. Wild-type and 118 
Apoa1 homozygous-deficient mice were infected with the Newman strain and the number of viable 119 
bacteria in the kidney 1 day after infection was compared between the lysocin E and vehicle 120 
administered groups (n=9/group). The data represent the mean ± S.E.M. and statistical analysis was 121 
performed by 1-way ANOVA with Tukey's multiple comparisons test. The data are representative of 122 
duplicate experiments with similar results. 123 
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Extended Data Table 1| Effect of bovine serum on the antimicrobial action of lysocin 125 
E against different microorganisms 126 

Microorganisms / strains MIC (µg ml-1) Fold 
(A/B) Serum 0% (A) Serum 10% (B) 

Staphylococcus aureus Smith ATCC13709 2.0 0.063 1/32 
   RN4220 4.0 0.13 1/32 
   MSSA1 4.0 0.13 1/32 
   MRSA4 4.0 0.25 1/16 
Staphylococcus haemolyticus JCM2416 2.0 0.0078 1/256 
Staphylococcus pseudintermedius JCM17571 4.0 0.13 1/32 
Bacillus subtilis JCM2499 2.0 0.25 1/8 
Bacillus cereus JCM20037 2.0 0.50 1/4 
RN4220  wild type 4.0 0.13 1/32 
 ∆menA 64 64 1 
 ∆menB 64 64 1 

  127 
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 128 
Extended Data Fig 2| Biochemical identification of apolipoprotein A-I as an enhancing factor of 129 
lysocin E activity 130 
a, Purification table of lysocin E antimicrobial enhancing factors from bovine serum. b, Elution 131 
patterns of the Superose12 column chromatography. The black line shows the amount of protein (right 132 
axis) and the red line shows the lysocin E antimicrobial promoting activity (left axis) in each fraction. 133 
AS, applied sample. c, Coomassie Brilliant Blue-stained images after separation by 12% SDS-PAGE 134 
for fractions 13 to 31 obtained from the Superose12 column chromatography. d, Amino acid sequence 135 
identified by PMF analysis for samples eluted from SDS-PAGE gels. Red letters indicate fragments 136 
obtained by PMF analysis. 137 
  138 
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ApoA-I activity is mediated via lipid II 139 
ApoA-I and high-density lipoprotein-containing ApoA-I bind to the surface of 140 
bacteria11,12. We found that ApoA-I binds the surface of S. aureus in a concentration-141 
dependent manner (Fig. 2a). Because the addition of ApoA-I did not increase the amount 142 
of lysocin E that binds to the surface of S. aureus (Extended Data Fig. 3), the enhancing 143 
effect of ApoA-I cannot be explained by increased accumulation of lysocin E to the cell 144 
surface. To elucidate the lysocin E-enhancing functions of ApoA-I, we searched for 145 
lysocin E derivatives that did not respond to the addition of ApoA-I, although the 146 
antimicrobial activity of the lysocin E derivatives in our synthetic library does not differ 147 
from that of the natural type in the absence of ApoA-I13. We found that the activity of Bu-148 
type lysocin E (Extended Data Fig. 1a), which has a modified fatty acid chain moiety, 149 
was not enhanced by ApoA-I (Extended Data Table 2). We assumed that the interaction 150 
of lysocin E Bu-type with ApoA-I differs from that of the natural-type lysocin E. We 151 
compared the affinities of the natural- and Bu-type lysocin E for ApoA-I, and found that 152 
their binding constants were similar, 3.6 and 3.4 µM, respectively (Extended Data Fig. 153 
4a). The results suggested that lysocin E interacts with ApoA-I, although this interaction 154 
does not explain the difference in the ApoA-I response between natural- and Bu-type 155 
lysocin E. We then tested menaquinone, a cofactor of the electron transport chain of S. 156 
aureus that is a target of lysocin E1. The binding constant of natural- and Bu-type lysocin 157 
E with a menaquinone was also similar, 4.0 and 5.0 µM, respectively (Extended Data Fig. 158 
4b). Further, the binding capacity of lysocin E to ApoA-I in an ApoA-I pull-down assay 159 
did not significantly differ between the natural- and Bu-type lysocin E in the presence of 160 
menaquinone (Fig. 2b), suggesting that the presence of menaquinone does not affect the 161 
affinities of natural- and Bu-type lysocin E for ApoA-I.  162 

Lipid II was recently reported to interact with lysocin E, and treatment of S. 163 
aureus with lysocin E at a sub-MIC doses leads to the accumulation of lipid II in the S. 164 
aureus membrane14. We hypothesised that lipid II is involved in the lysocin E 165 
antimicrobial-enhancing effect of ApoA-I, and tested this hypothesis in the following 166 
experiments. We first compared the binding constant of lipid II to natural-type and Bu-167 
type lysocin E, and found that the binding constant of natural-type lysocin E with lipid II 168 
was 3-times lower than that of Bu-type lysocin E (Extended Data Fig. 4c). In addition, 169 
the binding capacity of lipid II to the natural-type lysocin E was significantly higher than 170 
that of the Bu-type (Extended Data Fig. 4d). We further demonstrated that lipid II 171 
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increased the binding of the natural-type lysocin E to ApoA-I (Fig. 2b) in a pull-down 172 
assay in the presence of menaquinone, and this phenomenon was not observed in the 173 
absence of menaquinone (Fig. 2c). To further confirm the importance of the lipid II–174 
ApoA-I interaction, we constructed ApoA-I with deletion of the lipid-binding domain 175 
(ApoA-I ΔNM), which is less capable of enhancing the antimicrobial activity of lysocin 176 
E (Fig. 2d). Compared with wild-type ApoA-1, ApoA-I ΔNM had a lower lipid II-177 
dependent binding capacity to lysocin E (Fig. 2e). These findings suggested that lipid II 178 
enhanced the recruitment of the lysocin E and menaquinone complex to ApoA-I. 179 

Nisin is another antimicrobial that binds lipid II with membrane-damaging and 180 
bactericidal activities against S. aureus15. We found that the antimicrobial activity of nisin 181 
was enhanced by adding ApoA-I as in case of lysocin E (Extended Data Table 2). We then 182 
demonstrated that the binding of nisin to ApoA-I was increased by lipid II in a pull-down 183 
assay (Fig. 3a). These findings suggest that binding of nisin to ApoA-I is mediated by 184 
lipid II, resulting in enhancement of the antimicrobial activity. We further tested whether 185 
the membrane damage and bactericidal antimicrobial activities of lysocin E and nisin are 186 
enhanced by ApoA-I, and found that ApoA-I enhanced the bactericidal and membrane 187 
damaging activities of both antimicrobials in sub-MIC conditions (Fig. 3b,c). The 188 
membrane potential loss induced by the antimicrobials was observed at concentrations 189 
substantially lower than the MIC, even in the absence of ApoA-I (Fig. 3d). These findings 190 
implied that a small amount of membrane damage was induced by lysocin E or nisin at 191 
sub-MIC, and then ApoA-I greatly increased the membrane damage, resulting in the 192 
bactericidal actions of both antimicrobials (Fig. 3e). 193 
  194 
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 195 
Figure 2| Lipid II enhances the interaction of lysocin E with ApoA-I 196 
a, Binding of ApoA-I to the cell surface of S. aureus RN4220. Different concentrations of ApoA-I 197 
were added to S. aureus. The cells were then treated with SDS-PAGE sample buffer, and centrifuged. 198 
Next, the supernatant was boiled and applied to SDS-PAGE, and band intensities were quantified using 199 
ImageJ. Data represent mean ± S.E.M. from 3 independent experiments. b, Lipid II-mediated binding 200 
of lysocin E to ApoA-I in an ApoA-I pull-down assay in the presence of menaquinone. Data represent 201 
mean ± S.E.M. of triplicate results. Statistical analysis was performed by 1-way ANOVA with Tukey's 202 
multiple comparisons test. c, Lipid II effect for lysocin E binding to ApoA-I in the absence of 203 
menaquinone. Data represent mean ± S.E.M. from 3 independent experiments, and statistical analysis 204 
was performed the Student 2-tailed t-test. d, ApoA-I ∆NM decreased the lysocin E antimicrobial 205 
activity enhancing effect against S. aureus RN4220 compared with wild-type ApoA-I. MIC values 206 
were determined by the micro-dilution assay described in the methods and representative data are 207 
shown from triplicate independent experiments with similar results. e, Requirement of lipid-binding 208 
domain of ApoA-I for lipid II-mediated lysocin E binding to ApoA-I. Data represent mean ± S.E.M. 209 
of triplicate results. Statistical analysis was performed by 1-way ANOVA Tukey's multiple 210 
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comparisons test. 211 
 212 

 213 
Figure 3| Nisin and lysocin E showed common characteristics under sub-MIC 214 
a, Increased lipid II-mediated nisin binding to ApoA-I. Data represent mean ± S.E.M. of triplicate 215 
results. Statistical analysis was performed by 1-way ANOVA with Tukey's multiple comparisons test. 216 
b, c, ApoA-I enhanced the membrane disruption activity (b) and bactericidal activity (c) of lysocin E 217 
and nisin at sub-MIC. Data represent mean ± S.E.M of triplicates, and statistical analyses were 218 
performed by the Student t-test. d, Loss of membrane potential of S. aureus after treatment with 219 
lysocin E and nisin. Data from triplicate experiments (mean ± S.E.M) are shown and represent an 220 
arbitrary fluorescent unit at 60 s after addition of the compounds. e, Presumed model for ApoA-I 221 
enhancing activity of lysocin E. 222 
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 224 

 225 

Extended Data Fig. 3| Effect of ApoA-I on the amount of lysocin E that binds to the cell surface 226 
of S. aureus 227 
RN4220 (2 ml, OD600 = 0.5) was incubated for 5 min with the indicated concentrations of ApoA-I in 228 
MHB, and further incubated with 2 µg ml-1 lysocin E. The cells were precipitated by centrifugation at 229 
6000 x g for 5 min and washed with the same volume of PBS (-). Lysocin E was extracted from 230 
precipitated cells by 50% acetone and analysed by RP-HPLC. HPLC was performed as previously 231 
described1. Data represent mean ± S.D. of triplicate results. 232 
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Extended Data Table 2| Antimicrobial activity of derivatives of lysocin E and nisin 234 
against S. aureus RN4220 strain in the presence of ApoA-I 235 

Compounds 
MIC (µg ml-1) 

Control +ApoA-I 25µg ml-1 (fold) 

Lysocin E (natural, 1) 4 0.5 (1/8) 

Bu type lysocin E (2) 4 4 (1/1) 

Nisin 8 2 (1/4) 

Vancomycin 1 1 (1/1) 

236 
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  237 
Extended Data Fig. 4| A comparison of natural- and Bu-type lysocin E for interactions to ApoA-238 
I, menaquinone and lipid II 239 
a, BLI analysis of the ApoA-I and natural- or Bu-type lysocin E interaction. Biotinylated natural or 240 
Bu type lysocin E was immobilised on a streptavidin biosensor and kinetic analysis was performed 241 
using 2.5 µM of ApoA-I. b, BLI analysis for menaquinone and natural or Bu-type lysocin E interaction. 242 
Biotinylated menaquinone was immobilised on a streptavidin biosensor and kinetic analysis was 243 
performed using 12.5 µM lysocin E derivatives. c, BLI analysis for the lipid II and natural or Bu-type 244 
lysocin E interaction. Biotinylated natural- or Bu-type lysocin E was immobilised on a streptavidin 245 
biosensor and kinetic analysis was performed using 24 µM of lipid II. Representative data showing 246 
similar results from 3 independent experiments are shown (a-c). d, Lipid II binding to biotinylated 247 
natural- or Bu-type lysocin E in a pull-down assay. Data represent mean ± S.E.M. from 3 independent 248 
experiments, and statistical analysis was performed using the unpaired Student 2-tailed t-test. 249 
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Discussion 251 
The findings of the present study demonstrated that the therapeutic efficacy of lysocin E 252 
is promoted by the host factor ApoA-I (Fig. 1). To our knowledge, this is the first study 253 
providing genetic evidence that specific host factors enhance the activity of an 254 
antimicrobial, thereby contributing to its therapeutic effects. Lysocin E was identified by 255 
screening based on therapeutic efficacy using a silkworm S. aureus infection model1. The 256 
antimicrobial activity of lysocin E is also enhanced by silkworm haemolymph (Fig. 1a), 257 
and the silkworm contains apolipophorin, which has similar functions as ApoA-I and 258 
binds the surface of S. aureus16. We consider that the use of the silkworm infection model 259 
to screen for compounds with therapeutic effectiveness led to the discovery of the 260 
antibiotic lysocin E, which has unique features.  261 

Here, we present a presumed model that small amounts of membrane damage 262 
induced by lysocin E and nisin trigger a coordinated action between ApoA-I and lipid II 263 
that finally leads to massive membrane disruption, resulting in bactericidal action (Fig. 264 
3e). ApoA-I constitutes a major protein of high-density lipoproteins in mammals and 265 
high-density lipoprotein carries lipids such as cholesterol. In addition, 266 
phosphatidylglycerol and cardiolipin, which are acidic phospholipids constituting the cell 267 
membrane of S. aureus17, bind ApoA-I18,19. It is possible that interactions between these 268 
phospholipids and ApoA-I also contribute to expanding the disruption of cell membranes 269 
caused by lysocin E or nisin. The detailed process underlying the formation of these 270 
complexes requires further clarification.  271 

It is important to elucidate the essentiality of lipid II for the ApoA-I enhancing 272 
effect on the antimicrobial activity of lysocin E, but it is difficult to verify using gene 273 
disruption strains because lipid II is an essential component for bacterial growth. By 274 
performing a biochemical analysis using lipid II-containing artificial liposomes, we 275 
demonstrated that lipid II was not involved in the membrane disruptive activity of lysocin 276 
E (Extended Data Fig. 5a). The necessity of lipid II for the antimicrobial activity of 277 
lysocin E in live bacteria should be clarified by further analysis. Regarding menaquinone, 278 
it appears to be an essential component for the antimicrobial activity of lysocin E, because 279 
the antimicrobial activity of lysocin E is greatly decreased in a mutant with disrupted 280 
menA and menB genes, which are essential genes for menaquinone synthesis, even in the 281 
presence of serum (Extended Data Table 1). Nisin disrupted liposomes containing lipid II 282 
as previously reported20, but not those containing menaquinone (Extended Data Fig. 5b). 283 
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Therefore, although the roles of lipid II in the antimicrobial activity of lysocin E and nisin 284 
seem to differ, they share a common mechanism by which the antimicrobial activity 285 
modulated by ApoA-I via lipid II is enhanced, implying the existence of a series of similar 286 
antimicrobials. Other than ApoA-I, proteins in a host such as albumin are known to 287 
interact with bacteria21,22. Proteins in serum are thought to act principally as inhibitory 288 
molecules against the antimicrobial activity of antimicrobial agents. On the basis of our 289 
results, we propose that the screening for antimicrobials whose activity is enhanced by 290 
host proteins that interact with the bacterial surface is an effective way to discover novel 291 
and therapeutically effective antimicrobials with different mechanisms from those of 292 
previously identified antimicrobials. 293 
  294 



 19 

 295 

  296 
 297 
Extended Data Fig. 5| Lipid II requirement for membrane disruption activity of lysocin E and 298 
nisin 299 
Membrane disruption activity of lysocin E (a) or nisin (b) on liposomes containing menaquinone and 300 
lipid II fractions. The data are representative of duplicate experiments with similar results. 301 
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Methods 379 
 380 
Bacteria, animals, and reagents  381 
S. aureus RN422023, Newman, and MSSA124 strains were cultured in tryptic soy broth 382 
(TSB; Becton Dickinson and Co., Franklin, NJ, USA) overnight at 37˚C with shaking. In 383 
the case of the menAts mutant, all cultures and assays were performed at 30˚C. Other 384 
bacterial species were cultured as described previously1. Various kinds of serum and 385 
human plasma were purchased from MilliporeSigma (St. Louis, MO, USA), heat-386 
inactivated by treatment of 56˚C for 30 min, and stored at -20˚C until use. Recombinant 387 
human ApoA-I was purified as described in the Supplementary Information and human 388 
ApoA-II was purchased from Calbiochem (Merck Millipore, Billerica, MA, USA). Mice 389 
(ICR and C57BL/6J) were obtained from and CLEA Japan, Inc. Apoa1 gene knockout 390 
mice were obtained from Jackson Laboratory (Bar Harbor, ME, USA) and bred until 8 to 391 
12 weeks old. Lysocin E was prepared as previously described1, and lysocin E derivatives 392 
were synthesised as previously reported13. The other reagents were purchased from 393 
Fujifilm Wako Pure Chemicals (Tokyo Japan) or MilliporeSigma except where noted. 394 
 395 
Measurement of antimicrobial and bactericidal activity of lysocin E  396 
The antimicrobial activities of the compounds were measured by the microdilution 397 
method25. Measurement of the bactericidal activity of lysocin E (0.25 µg ml-1) and nisin 398 
(2 µg ml-1) with or without 25 µg ml-1 ApoA-I was performed according to the National 399 
Committee for Clinical Laboratory Standards method26. Sera and ApoA-I, II were added 400 
to the bacterial culture before distributing into 96-well plates. ApoA-I and II antimicrobial 401 
activity was evaluated using the RN4220 strain. 402 
 403 
Measurement of membrane damaging activity 404 
Membrane damaging activity was measured as follows27. S. aureus MSSA1 strain was 405 
incubated with 25 µg ml-1 ApoA-I, together with 0.25 µg ml-1 lysocin E or 2 µg ml-1 nisin 406 
at 37 ˚C, for 30 min, filtered through a 0.45-µm filter, and then the absorbance at 260 nm 407 
of the eluents was measured. Membrane potential was measured according to a 408 
fluorescence-based assay1 with slight modification. Briefly, S. aureus MSSA1 or 409 
Newman strain was grown in TSB at 37˚C with shaking at 200 rpm overnight. The 410 
overnight culture was diluted 100=fold in cation-adjusted Mueller Hinton Broth (CA-411 
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MHB) and grown until the A600 reached 1.0. The cells were then collected by 412 
centrifugation at 8000 rpm for 10 min at 4˚C, washed with HEPES buffer (pH 7.0) 413 
containing 5 mM HEPES, 50 mM glucose, and 5 mM EDTA, and resuspended in the 414 
same buffer to an A600 of 0.05. A membrane potential-sensitive dye, 3,3 ′ -415 
dipropylthiadicarbocyanine iodide, was added to the cells at a final concentration of 250 416 
nM, and the cells were incubated in the dark at 37˚C for 30 min. The fluorescence 417 
intensities (excitation 622 nm; emission 670 nm) were measured by a spectrofluorometer 418 
(Jasco FP-6200) equipped with a heated chamber at 37˚C after adding the respective 419 
antimicrobials. All experiments were performed under minimal light conditions. 420 
 421 
Purification of lysocin E antimicrobial activity-enhancing factors from calf serum 422 
Calf serum (10 ml) was added to 15 ml EtOH (60% v/v), and the mixture was centrifuged 423 
for 15 min. The collected supernatant was evaporated and suspended in 8 ml Milli-Q 424 
water (fraction [fr.] II). Fr. II with formic acid (0.1%) was applied to 10 ml of ODS resin 425 
(Waters Corporation, Milford, MA, USA). After washing with 25% EtOH and then 50% 426 
EtOH, the resin was eluted with 75% EtOH containing 0.1% formic acid. The eluted 427 
sample was evaporated and dissolved in 0.8 ml buffer A (10 mM phosphate buffer [pH 428 
7.1], 6 M urea; Fr. III). Fr. III was applied to the Superose 12 10/300 GL gel filtration 429 
column (GE Healthcare) and eluted with the AKTApurifier system (GE Healthcare). The 430 
elution was performed in buffer A at a flow rate of 0.5 ml min-1, and 60 fractions (0.5 ml 431 
per fr.) were collected in 2-ml tubes. All fractions except for Fr. I were dialysed in 10 mM 432 
phosphate buffer (pH 7.1) before assessment of their activities. Protein concentrations 433 
were measured using Coomassie PlusTM protein assay reagent (ThermoFisher, Waltham, 434 
MA, USA) with bovine serum albumin as the standard. Amino acid sequence analysis 435 
was performed essentially as described previously28. One unit was defined as the activity 436 
that decreases the MIC of lysocin E to 1 µg ml-1. 437 
 438 
Plasmid construction, expression and purification of ApoA-I  439 
The oligonucleotide sequence of the human apolipoprotein A-I open reading frame (ORF), 440 
modified for optimized codon usage in E. coli according to a previous report29, was 441 
synthesized at Eurofins Genomics and cloned in the pET20b vector (Novagen). The 442 
plasmid, designated pET-ApoWT, was introduced into E. coli BL21(DE3)/pLysS, and 443 
cells were selected with 100 µg ml-1 ampicillin and 12.5 µg ml-1 chloramphenicol. To 444 
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construct lipid domain-deleted ApoA-I, we first amplified the 2 regions within the ORF 445 
(nucleotide Nos. 1-435 and 481-729) using degenerated primers with linker sequences 446 
(Extended Data Table 3) and the pET-ApoWT plasmid as a template. The 2 products were 447 
then connected by another round of PCR and ligated to the EcoR V-digested pET20b 448 
vector, resulting in pET-ApoΔM. Next, the internal ORF region (nucleotide No. 196-729) 449 
was amplified by PCR using degenerated primers (Extended Data Table 3) and the pET- 450 
ApoΔM plasmid as a template. The PCR product was digested with Nde I and Hind III, 451 
and then ligated with the pET20b vector linearized with the same restriction enzymes, 452 
resulting in pET-Apo∆NM. Colonies were inoculated with NZCYM broth (10 g of 453 
pancreatic digest of casein, 1 g of casamino acids, 5 g of yeast extract, 5 g of NaCl, 1 g 454 
of magnesium sulfate anhydrous, dissolved in 1 L of water and autoclaved at 121˚C for 455 
15 min) in the presence of the above-mentioned antibiotics. After overnight incubation, 456 
0.5 ml of the full-growth cultures were added to 50 ml of the fresh NZCYM broth 457 
containing the above-mentioned antibiotics, followed by aerobic incubation at 37˚C to 458 
OD600 = 0.6. Then, 50 µl of 1 M isopropyl ß-D-1-thiogalactopyranoside (final 1 mM) was 459 
added, and the cultures were further incubated for 3 h. Cells were collected by 460 
centrifugation, resuspended in 1xGnPB (50 mM phosphate buffer pH 8, 0.5 M NaCl, 3 461 
M guanidine hydrochloride), sonicated and centrifuged at maximum speed for 10 min. 462 
The supernatants were collected and applied to Probond, a nickel-chelating resin (Life 463 
Technologies). The column was washed successively with 1xGnPB and 20 mM imidazole 464 
in 1xGnPB, and then eluted with 200 mM imidazole in 1xGnPB. The eluted fractions 465 
were dialyzed against 50 mM phosphate buffer (pH 8) and 100 mM NaCl. Approximately 466 
5 to 6 mg of the recombinant protein was obtained from 50 ml of the initial E. coli culture. 467 
 468 
Extended Data Table 3| Nucleotide sequences of primers used in this study. 469 
Letters in lower case indicate linker sequences and an underlines indicate 470 
restriction enzyme recognition sites. 471 
 472 

Target Forward Reverse 

rApoA-I ∆N, nucleotide No. 

196-729 

5’-

GGTACCCATATGCATCACCATCACCATCA

CCCGGTGACCCAGGAATTCT-3’ 

5’-

GGTACCAAGCTTAGATCTACTAGTTCTA

GATCACTGGG-3’ 
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rApoA-I ∆M, nucleotide No. 

1-435 

5’-GGTACCCATATGCATCACCATC-3’ 5’-gcccagtgggctcagcttctctt-3’ 

rApoA-I ∆M, nucleotide No. 

481-729 

5’-

agaagctgagcccactgggcACGCATCTGGCGCC

GTACAG-3’ 

5’-

AAGCTTAGATCTACTAGTTCTAGATCACT

GGG-3’ 

 473 
Mouse infection experiments 474 
Mouse protocols followed the Regulations for Animal Care and Use of the University of 475 
Tokyo under approval by the Graduate School of Pharmaceutical Science at the 476 
University of Tokyo (approval No. 24-55). For Table 1, clinically isolated MRSA MR6 477 
strain30 was cultured overnight, suspended in 7% type II porcine stomach mucin 478 
supplemented with 0.2 mM FeNH4-citrate and intraperitoneally administered to mice 479 
(ICR, female, 4 weeks of age) at 5.7x107 colony-forming units. Lysocin E (4 to 0.25 mg 480 
kg-1), vancomycin (8 to 0.5 mg kg-1), linezolid (8 to 0.5 mg kg-1), or daptomycin (4 to 481 
0.25 mg kg-1) were administered subcutaneously to 5 animals/group at 1 h and 6 h after 482 
infection. Survival of mice was assessed after 5 days and ED50 values were calculated by 483 
multiple logistic regression analysis. For Fig. 1d, the Newman strain was cultured in TSB 484 
overnight and cells (4.0x107 colony-forming units) washed in phosphate-buffered saline 485 
(PBS) were injected into the tail vein of 8 to 12-week-old female C57BL/6J wild-type 486 
mice or Apoa1 homozygous deficient mice. After 2 h, lysocin E (0.5 mg kg-1) was 487 
administered subcutaneously. Twenty-four hours later, the kidneys were harvested and 488 
crushed with a BioMasher II (Nippi Incorporated, Tokyo, Japan). The suspensions were 489 
diluted with PBS(-), plated on TSB agar medium, and the number of colonies was counted. 490 
 491 
ApoA-I pull-down assay 492 
MK-4 (100 µl of 1.25 mM) was mixed with N-dodecyl β-D-maltoside (250 µl of 100 493 
mM) in the presence or absence of lipid II fraction (300 µl of 70 µM). Lipid II fraction 494 
was prepared from S. aureus RN4220 treated with moenomycin and followed by park 495 
nucleotide removal31. The mixture was dried in-vacuo and dissolved in 2 ml of water. The 496 
micelles were then filtered through a 0.45-µm polyvinylidene difluoride membrane filter, 497 
and a 200-µl aliquot of the filtered micelles were used for the binding of antimicrobials 498 
in the presence of ApoA-I. Briefly, 5 µg of antimicrobials was added to the aliquots and 499 
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the mixture was incubated for 15 min on ice in the presence of 4 µg ApoA-I. The mixture 500 
was then transferred to His-Tag magnetic beads (Dynabeads, ThermoFisher). The bound 501 
protein was then eluted with 250 mM imidazole and the eluted antimicrobials were 502 
quantified using an ACQUITY UPLC H-Class PLUS attached to Xevo G2-XS QTof 503 
system (Waters Corporation). After injecting the sample into a 2.1 × 100 mm Acquity 504 
UPLC HSS T3 1.8 μm column (Waters Corporation) equilibrated with 0.3 mL min–1 of 505 
30% acetonitrile and 0.1% formic acid in water, the column was developed with a linear 506 
gradient to 60% acetonitrile and 0.1% formic acid in water over 10 min. The eluate was 507 
continuously applied to a Waters Xevo G2-XS QTof mass spectrometer and the spectra 508 
obtained using MassLynx 4.1 (Waters Corporation) in electrospray ionisation (ESI)-509 
positive mode were analysed by UNIFI Scientific Information System ver. 1.9 (Waters 510 
Corporation). 511 
 512 
Bio-Layer Interferometry analysis. 513 
Bio-layer interferometry (BLI) measurements were performed on a BLItz system 514 
(ForteBio, Fremont, CA, USA) maintained at room temperature. The biotinylated ligand, 515 
diluted to 0.1 mg/ml in BLItz buffer (0.05% [v/v] Tween-20 in PBS), was immobilised 516 
on a streptavidin biosensor and the kinetic analysis was performed by running BLItz 517 
buffer for 300 s each, in the presence and absence of analyte for association and 518 
dissociation, respectively. Biotinylated menaquinone and biotinylated lysocin E 519 
derivatives (natural and Bu-type) were synthesised as described in the Supplementary 520 
Information. 521 
 522 
Amount of ApoA-I binding on the surface of S. aureus  523 
S. aureus RN4220 strain was grown overnight in TSB at 37˚C with shaking at 150 rpm. 524 
The A600 was adjusted to 0.5 with CA-MHB, 1 ml of which was treated with 0, 10, 20, or 525 
40 µg ml-1 of ApoA-I and further incubated at 37˚C with shaking at 150 rpm for 5 min. 526 
The cells were then centrifuged at 3000 rpm at 4˚C for 30 min, washed twice with PBS, 527 
and then the pellets were suspended in SDS-PAGE sample buffer. Under these conditions, 528 
the S. aureus cells were not lysed. The supernatants were collected, boiled, and applied 529 
to 12.5% SDS-PAGE. The gel was stained with Coomassie brilliant blue (CBB), and the 530 
band intensities were quantified using ImageJ software (1.47v, NIH, USA)32. 531 
 532 



 28 

Liposome disruption assay 533 
Liposome preparation was performed as previously described with modifications1. 534 
Briefly, a lipid film prepared from 1,2-dioleoyl-sn-glycero-3-phosphocholine containing 535 
1.0 mol % menaquinone-4 or/and 0.1 mol % lipid II was rehydrated with 5 mM sodium 536 
HEPES (pH 7.5) containing 100 mM calcein. The liposome suspension was freeze-537 
thawed 5 times and filtered through a Sephadex G-50 column with 20 mM sodium 538 
HEPES (pH 7.5) containing 1 mM EDTA to remove free calcein. The liposome fraction 539 
was diluted 5-fold with buffer, and the increase in fluorescence intensity (excitation: 310 540 
nm, emission: 530 nm) was measured by a spectrofluorometer after adding the 541 
antimicrobials. 542 
 543 
Quantification of lipid II 544 
The lipid II fraction was prepared from 5-ml cultures as previously described14 and 545 
hydrolysed by incubating at 99˚C for 30 min in 100µl of 10 mM ammonium acetate pH 546 
4.2. The samples were freeze-dried and dissolved in 30 µl water. The supernatant, after 547 
centrifugation at 16,000g for 10 min, was analysed by a quantitative liquid 548 
chromatography-mass spectrometry (LC-MS). The LC-MS system comprised an 549 
ACQUITY UPLC H-Class PLUS and Xevo G2-XS QTof system, and CORTECS UPLC 550 
T3 1.6 µm 2.1 x 150 mm column (Waters Corporation) maintained at 40˚C with a flow 551 
rate of 0.3 ml min-1. Solvent A was 0.1% aqueous formic acid and solvent B was 0.1% 552 
formic acid in acetonitrile. After 8 µl of the sample was applied to the column equilibrated 553 
with solvent A, the column was developed with the same solvent for 2 min followed by a 554 
linear gradient of 100 to 80% of A over 15 min. Mass spectra were collected in ESI-555 
negative mode using MassLynx 4.1 (Waters Corporation), and analysed by UNIFI 556 
Scientific Information System ver. 1.9). The peak area of delipidated lipid II (Extended 557 
Data Fig.1c) to assess the exact mass m/z 664.255 [M-2H]2- (calculated mass m/z 664.256 558 
[M-2H]2-) was quantified and the structure was confirmed by the fragment pattern 559 
generated from MSE analysis using the UNIFI Scientific Information System. The 560 
concentration of lipid II in the extracted fraction was calculated using standard compound 561 
purified from delipidated lipid II by HPLC (Alliance HPLC system, Waters Corporation) 562 
using PEGASIL ODS SP100AQ, 4.6 x 250 mm column (Senshu Scientific, Tokyo, Japan) 563 
with the same mobile phase system as described for the UPLC system above except the 564 
flow rate was 1 ml min-1. 565 
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Statistical analysis 566 
Statistical analysis was performed using GraphPad Prism 8.4.3 (GraphPad Software, San 567 
Diego, CA, USA). P values over 0.05 were considered non-significant. 568 
 569 
Data availability  570 
The data that support the findings of this study are available from the corresponding 571 
author upon reasonable request. Source data are provided with this paper. 572 
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