


http://orcid.org/0000-0001-6745-3176
http://orcid.org/0000-0002-7871-5191
mailto:ddaley@dbb.su.se






www.nature.com/scientificreports/

4SCIENTIFIC REPOrTS�������}�ã 17629 �������������ã�w�v�ä�w�v�y�~���•�z�w�{�•�~�æ�v�w�}�æ�w�}�}�}�x�æ�|

Figure 3.  A sub-lethal concentration of MAC13243 makes the outer membrane of E. coli more permeable. (a) 
�e NPN dye can be used to monitor the integrity of the outer membrane. NPN is excluded from WT cells but 
penetrates into cells with a compromised outer membrane where it binds to the phospholipid layer, resulting in 
prominent �uorescence. (b) E. coli MC4100 grown in M9 media were exposed to di�erent small molecules (‰ 
MIC), and the permeability of the outer membrane was assessed by measuring the �uorescence of NPN. MICs 
were determined to be 1 �g mL�1 for carbadox, 256 �g mL�1 for streptozotocin, 0.002 �g mL�1 for �oxuridine 
and 256 �g mL�1 for MAC13243. Fluorescence values were compared to cells treated with a solvent control. 
Note that we did not test all small molecules in the NPN uptake assay, but focussed on those that were readily 
available and that were representative of a class. For example, �oxuridine (9) was deemed to be representative 
of the nucleoside analogues (7, 8). (c) E. coli MC4100 were grown in M9 media then exposed to di�erent 
concentrations of MAC13234 (MIC � 256 �g mL�1) and NPN uptake was monitored (le� panel). �e increase 
in �uorescence was deemed to be due to increased permeability of the outer membrane, not cell lysis, since the 
amount of MAC13243 used did not a�ect cell viability (right panel). In these experiments cell aliquots were 
harvested a�er the NPN uptake assays, 10-fold serially diluted and spotted on LB agar. All data (mean � SD) are 
from four experiments. ����p � 0.0001 (unpaired t-test.). (d) As for panel c except that E. coli MC4100 were 
exposed to di�erent concentrations of colistin (MIC � 1 �g mL�1). (e) As for panel c except that the permeability 
of di�erent E. coli strains was assessed.
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Our study identi�ed MAC13243, which has previously been shown to be an inhibitor of the essential peri-
plasmic chaperone LolA21. �e previous work had shown that MAC13243 had antibacterial activity against 
gram-negative bacteria, and the authors suggested that it was a promising lead molecule. We too observed that 
MAC13243 had antibacterial activity (MIC ranging from 8 to 256 mg mL�1, depending on whether the cells were 
grown in LB or M9 minimal media). However a subsequent study noted that MAC13243 degrades in aqueous 
solution, casting doubt over its usefulness51.

In this study we show for the �rst time, that sub-inhibitory concentrations of MAC13243 can be used to 
make E. coli more permeable. In our experiments we observed that E. coli cells were more permeable to the 
�uorescent dye NPN, as well as large-sca�old antibiotics from four di�erent antibiotic classes when treated 
with sub-inhibitory concentrations of MAC13243. The fact that cells were more permeable to NPN than 
colistin-treated cells suggests that MAC13243 is e�ective at inducing a permeable phenotype. A molecular reason 
for the permeable phenotype is speculated on in Fig.�6. We reason that a sub-lethal concentration of MAC13243 
results in partial inhibition of the LolA chaperone. Since LolA tra�cs proteins from the inner to the outer mem-
brane, partial inhibition will result in retention of lipoproteins at the inner membrane. E. coli encodes around 90 
di�erent lipoproteins, many of which have no known function13. However three outer membrane lipoproteins 
are directly involved in outer membrane biogenesis and are essential for cell viability: LolB inserts lipoproteins 
into the outer membrane13, BamD inserts ß-barrel proteins into the outer membrane1 and LptE inserts LPS mol-
ecules into the outer membrane52. �us partial inhibition of LolA can simultaneously a�ect the function of three 
proteins that are essential for maintaining the integrity of the outer membrane. Indeed, when we depleted the 
intracellular levels of LolA using CRISPRi, we observed that LptE was partially retained at the inner membrane, 
and that cells were more permeable to NPN. We were unable to determine if LolA-depletion was su�cient to 

Figure 5.  Partial depletion of LolA increases the permeability of the outer membrane. (a) CRISPRi-mediated 
knockdown of LolA or LacZ in E. coli MC4100. Expression of dCas9 together with the respective lacZ sgRNA 
(control) or lolA sgRNA was induced at t � 90 min with 200 ng mL�1 aTC and growth was monitored by 
measuring optical density (OD600). (b) An aliquot of cells was taken 4 h a�er induction and permeability was 
monitored by the NPN uptake assay. All data (mean �/� S.D.) are from four experiments. ����p � 0.0001 
(unpaired t-test.). (c) Depletion of LolA levels by CRISPRi a�ects the tra�cking of both lipoproteins and 
ß-barrel proteins to the outer membrane. Inner and outer membrane fractions were puri�ed from both LacZ-
depleted cells (control) and LolA-depleted cells using a sucrose gradient. �e proteins from each fraction were 
then separated by SDS-PAGE, transferred to a nitrocellulose membrane and probed with anti-sera to an inner 
membrane protein (PpiD), an outer membrane protein (OmpA), and two outer membrane lipoproteins (BamB 
and LptE). Full-length blots are shown in Supplementary Figure�4.
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cause susceptibility to large-sca�old antibiotics, since the CRISPRi system requires two plasmids with di�erent 
antibiotic selection markers. Nevertheless the experiment indicated that LolA-depletion was su�cient to increase 
the permeability of E. coli.

Although the high throughput screen carried out in this study is unique, the molecule we identified 
(MAC13243) is similar to an antibiotic potentiator identi�ed in a previous study23. In the aforementioned study 
the authors screened 30,000 compounds for their ability to potentiate the activity of novobiocin (also a large 
sca�old antibiotic). �ey identi�ed A22 or S-(4-dichlorobenzyl)isothiourea, an inhibitor of the actin-like protein 
MreB. A22 is structurally similar to the thiourea moiety of MAC13243, which is liberated in aqueous solution 
as MAC13243 is hydrolysed51 (see S-(4-chlorobenzyl)isothiourea in Fig.�7). MAC13243, its degradation product 
S-(4-chlorobenzyl)isothiourea and A22 are of the same molecular class and it is therefore not surprising that they 
can all bind to LolA21,51 and cause the outer membrane to be more permeable to NPN (Fig.�3; Supplementary 
Figure�3). However it is surprising that two independent studies have identi�ed essentially the same molecule as a 
potentiator of large-sca�old antibiotics, since there are literally hundreds of target proteins in E. coli. For example, 
E. coli is more susceptible to vancomycin when one of 60 di�erent proteins is inactivated12.

Can MAC13243 be used as a potentiator of large-sca�old antibiotics? Whilst we observed that a sub-inhibitory 
concentration of MAC13243 worked synergistically with large-sca�old antibiotics like novobiocin and erythro-
mycin in lab strains of E. coli, it did not work synergistically with larger sca�olds such as rifampicin and vanco-
mycin. Furthermore it did not work synergistically with any of the tested antibiotics in clinical isolates (although 
we did observe increased permeability). �us we suggest that MAC13243 will need to be chemically modi�ed if it 
is to be used clinically as a potentiator of large-sca�old antibiotics. However it may have a number of immediate 
uses in biotechnology, such as improving the uptake of large labelling dyes or precursor compounds used for the 
production of complex chemicals in cell factories.

Methods
Bacterial strains, chemicals and media.  �e E. coli strain MC4100 (F�, [araD139]B/r, �(argF-lac)169, 
��, e14-, �hD5301, �(fruK-yeiR)725(fruA25), relA1, rpsL150(strR), rbsR22, �(�mB-�mE)632(::IS1), deoC1)) was 
used for all experiments unless otherwise stated. �e E. coli O139 and O141 strains were obtained from Klas 
Udekwu (Stockholm University, Sweden). �e BW25113 �waaG and lptD4213 strains were obtained from Göran 
Widmalm (Stockholm University, Sweden) and Daniel Kahne (Harvard Medical School, USA), respectively. 

Figure 6.  A model depicting how MAC13243 could a�ect the permeability of the outer membrane in E. coli. 
Lipoprotein precursors are synthesised on cytosolic ribosomes, then tra�cked to the periplasm through either 
the Sec or Tat translocons. In the periplasm the N-terminal cysteine residue is acylated and then cleaved in 
successive reactions by Lgt, LspA and Lnt (not shown). Le� panel, the mature lipoprotein is bound by the ABC 
transporter complex LolCDE then released to the periplasmic chaperone LolA. �e LolA-lipoprotein complex 
is tra�cked to the outer membrane where it binds to the LolB receptor and transfers the lipoprotein cargo. LolB 
then inserts the lipoprotein into the outer membrane. Note that some lipoproteins have a Lol avoidance signal 
and they are retained in the inner membrane. See13 for more details. Right panel, a sub-lethal concentration 
of MAC13243 (step 1) results in partial inhibition of LolA (step 2). �is results in the partial retention of 
outer membrane lipoproteins at the inner membrane (step 3). Some of these mis-targeted lipoproteins are 
directly involved in outer membrane biogenesis, such as LolB (insertion of lipoproteins13), BamB (insertion of 
ß-barrel proteins1) and LptE (insertion of LPS molecules52). �us partial depletion of LolA can directly a�ect 
the biogenesis of the key components of the outer membrane, which weakens the membrane and results in 
increased permeability (step 4). �e increased permeability in cells treated with MAC13243 can be exploited to 
increase the uptake of NPN and large-sca�old antibiotics (step 5).
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200 rpm. �e overnight cultures were diluted with sterile LB to an OD600 � 0.01 in a �nal volume of 1 L. Incubation 
was continued under the same conditions for 2 h and expression of dCas9 and the corresponding sgRNA was 
induced with 200 ng mL�1 aTc. A�er an additional 5 h incubation under the same conditions, cells were harvested 
from 2 L of culture, by centrifugation for 20 min at 5000 � g at 4 °C. Harvested cells were resuspended in 1 � PBS 
and subsequently broken by passing three times through an Emulsi�ex-C3 (Avestin, Mannheim, Germany). 
Unbroken cells were pelleted by centrifugation for 20 min at 8000 � g at 4 °C. �e membrane fraction was pelleted 
from the supernatant by ultracentrifugation for 1 h at 270,000 � g at 4 °C. Membrane fractions were resuspended 
in 1 ml PBS, placed on top of a three-step sucrose gradient (0.77 M, 1.44 M and 2.02 M sucrose) and separated 
by ultracentrifugation for 16 h at 230,000 � g at 4 °C as described previously54. �e inner and outer membrane 
fractions (IM � OM) were collected, then proteins were separated by 12% SDS-PAGE and blotted onto a nitrocel-
lulose membrane using a semi-dry blotting device (Bio-Rad, Stockholm, Sweden). �e nitrocellulose membranes 
were decorated with antisera, and detection was carried out using the ECL system (�ermo Scienti�c, Stockholm, 
Sweden) and a LAS-1000 CCD camera (Fuji�lm).
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