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Abstract 

 An increasing number of multidrug-resistant Acinetobacter baumannii (MDR-AB) infections 
have been reported worldwide, posing a threat to public health. The establishment of methods to 
elucidate the mechanism of action (MOA) of A. baumannii-specific antibiotics is needed to develop 
novel antimicrobial therapeutics with activity against MDR-AB. We previously developed bacterial 
cytological profiling (BCP) to understand the MOA of compounds in E. coli, and B. subtilis. Given how 
distantly related A. baumannii is to these species, it was unclear to what extent it could be applied. 
Here we implemented bacterial cytological profiling (BCP) as an antibiotic MOA discovery platform for 
A. baumannii.  We found that the BCP platform can distinguish between six major antibiotic classes 
and can also sub-classify antibiotics that inhibit the same cellular pathway but have different molecular 
targets.  We used BCP to show that the compound NSC145612 inhibits the growth of A. baumannii 
via targeting RNA transcription. We confirmed this result by isolating and characterizing resistant 
mutants with mutations in the rpoB gene. We conclude that   BCP provides a useful tool for MOA 
studies of antibacterial compounds that are active against A. baumannii. 
 

บทคดัย่อ 
 ปจัจุบนัสถานการณ์การเพิม่ขึน้ของการตดิเชือ้แบคทเีรยี Acinetobacter baumannii ทีด่ือ้ยากาํลงั
สรา้งความวติกกงัวลแก่วงการสาธารณสขุทัว่โลกอยา่งมาก ดงันัน้เพือ่เป็นการป้องกนัและควบคุมเชือ้ดือ้ยา
ดงักลา่ว การสรา้งวธิทีีเ่หมาะสมในการศกึษากลไกการยบัยัง้การเจรญิเตบิของสารตา้นจุลชพีทีอ่อกฤทธิต่์อ
เชือ้แบคทเีรยี A. baumannii จงึมคีวามจาํเป็นอยา่งมาก การศกึษาก่อนหน้าบง่บอกวา่เทคนิค bacterial 
cytological profiling (BCP) เป็นเทคนิคทีส่ามารถนําไปใชใ้นการศกึษากลไกการทาํงานของสารตา้นจุลชพีได้
เป็นอยา่งด ีและประสบความสาํเรจ็ในแบคทเีรยีชนิดอื่น เชน่ E. coli และ B. subtilis แต่อยา่งไรกต็ามเทคนิค 
BCP ยงัไมเ่คยนํามาประยกุตใ์ชก้บัเชือ้แบคทเีรยี A. baumannii ซึง่มคีวามแตกต่างทางดา้นววิฒันาการอยา่ง
มากเมือ่เทยีบกบั แบคทเีรยี E. coli และ B. subtilis ดงันัน้งานวจิยัน้ีจงึมวีตัถุประสงคท์ีจ่ะทาํการทดสอบวา่
เทคนิค BCP สามารถนํามาประยกุตใ์ชก้บัแบคทเีรยี A. baumannii ไดห้รอืไม ่จากการทดลองพบวา่เทคนิค 
BCP สามารถแยกประเภทของสารตา้นจุลชพีทีย่บัยัง้การเจรญิเตบิโตของเชือ้ A. baumannii ไดม้ากถงึ 6 ชนิด
ทีย่บัยัง้กระบวนการหลกัต่าง ๆ ทีแ่ตกต่างกนัของแบคทเีรยี อกีทัง้ยงัสามารถแยกกลไกยอ่ยของสารตา้นจุล
ชพีทีแ่ตกต่างกนัไดอ้กีดว้ย โดยนอกจากน้ีงานวจิยัน้ียงัใชเ้ทคนิค BCP มาใชใ้นการศกึษากลไกการยบัยัง้การ
เจรญิเตบิโตของสาร NSC145612 ต่อ A. baumannii โดยพบวา่ สาร NSC145612 ยบัยัง้การบวนการ
สงัเคราะห ์ RNA ของ A. baumannii ซึง่สอดคลอ้งกบัผลการเหน่ียวนําใหเ้กดิการกลายพนัธุด์ือ้ยาของสาร
ดงักลา่วทีร่ะบุวา่ เชือ้ทีส่ามารถตา้นทานการออกฤทธิข์องสาร NSC145612 เป็นเชือ้ทีม่กีารกลายพนัธุใ์น
บรเิวณยนี rpoB ซึง่เป็นยนีทีผ่ลติเอนไซมท์ีท่าํหน้าทีห่ลกัในกระบวนการสงัเคราะห ์RNA ของแบคทเีรยี จาก
งานงานวจิยัน้ีสามารถสรปุไดว้า่เทคนิค BCP สามารถนํามาประยกุตใ์ชใ้นการศกึษากลไกการทาํงานของสาร
ตา้นจุลชพีทีส่ามารถยบัยัง้การเจรญิเตบิโตของ A. baumannii ได ้
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Objectives 
To investigate the utility of Bacterial Cytological Profiling (BCP) in identifying the MOA of 
antibacterial molecules that inhibit the growth of A. baumannii. 
 
Materials and methods 
Bacteria strain, growth and antibiotics. Acinetobacter baumannii strain ATCC 19606 and strain 
ATCC 17978 were used in this study. The bacteria were grown in LB medium or LB agar at 30°C. A 
total of twenty-two antibiotics were tested on A. baumannii from which fifteen antibiotics with minimal 
inhibitory concentration of less than 112 g/ml were used in this study (Table 1). The compound 
NSC145612 was obtained from the National Cancer Institute’s Developmental Therapeutics Program. 
Preparation of the antibiotics was according to the manufacture’s recommendations.  
 
Minimal Inhibitory Concentrations. Minimal inhibitory concentrations (MIC) of all antibiotics are 
shown in Table 1. MIC was obtained using microdilution method (1) . Overnight cultures of A. 
baumannii were diluted 1:100 in LB broth and allowed to grow at 30°C on a roller until exponential 
phase or until the OD600 of 0.2 was obtained. The bacteria culture was further diluted 1:100 into each 
well of 96 well plate containing antibiotics in LB media at appropriate concentrations. Cultures were 
allowed to grow at 30°C for 24 hours. MIC was determined by observing the concentration of the 
antibiotic in the well where the bacteria was unable to grow.  
 
Fluorescence microscopy. Overnight cultures of A. baumannii were diluted 1:500 in LB broth and 
grown at 30°C on a roller until exponential phase. Antibiotics were added at various concentration. 
Cultures were then grown at 30°C on a roller for 2 hours. A. baumannii cultures were stained with FM 
4-64 (2 g/ml), DAPI (4 g/ml) and SYTOX-green (0.5 M). Stained bacterial cultures were harvested 
by centrifugation and resuspended in 1/10 volume of the same culture media. Three microliters of this 
was added to agarose pads on concave glass slides. Fluorescence microscopy was performed with 
consistent imaging parameters throughout all experiments.  



 
Cytological profiling. Cytological profiles were determined by automated cell analysis using 
CellProfiller 3.0 (2). Briefly, images were pre-processed on Fiji software (3) and subsequently analyzed 
on CellProfiler 3.0 software. Cell morphological parameters such as length, width, and area were 
determined. To obtain the average intensity of SYTOX-green and DAPI, both the membrane and 
nucleoid outlines were used and subtracted by background intensity in corresponding images. 
Decondensation of the nucleoid was determined by the ratio of the area of the nucleoid to that of the 
cell membrane.  
 
Statistical analysis. As described previously (1, 4, 5), the cytological parameters of each antibiotic 
were obtained from three independent experiments. Profiling data was from automated analysis of the 
cells in each imaging field. Only images containing more than 20 for long cells and for the rest, more 
than 30 cells per imaging field were selected into data points. Weighed principal component analysis 
(PCA) was performed using statistic tools on MATLAB 2017a.  Euclidean cluster analysis was 
generated from Morpheus (https://software.broadinstitute.org/morpheus).   
 
Isolation of NSC145612-resistant mutants. In A. baumannii, A. baumannii ATCC 19606 culture was 
diluted into the LB media containing NSC145612 starting at 0.5X MIC.  This process was repeated 
with escalating concentration of NSC145612 until the NSC145612-resistant A. baumannii was 
obtained. The resistant strains were purified on LB agar plates and MIC for NSC145612 and rifampicin 
determined by broth dilution method, as mentioned above.   
 
Table 1 Complete list of drugs tested in this study 



 
 
Results 
BCP in A. baumannii can distinguish different classes of antibiotics  
 We first determined, based on cell morphological changes in A. baumannii ATCC 19606, if 
BCP can distinguish between antibiotics that interfere with six major cellular pathways: protein 
translation (chloramphenicol), RNA transcription (rifampicin), membrane integrity (colistin), lipid 
synthesis (triclosan), cell wall synthesis (piperacillin), and DNA replication (Ciprofloxacin). After 
incubation with antibiotics, we found that A. baumannii ATCC 19606 showed unique cell cytological 
profiles depending on the class of antibiotics used for treatment (Fig. 1A-G). Overall, A. baumannii 
cytological profiles of cells treated with different antibiotics were similar to those of E. coli shown in 
our previous study (1).  Next, we quantitated 36 different cytological parameters of cells treated with 
each antibiotic and used principal component analysis (PCA) to determine if these cell profiles can be 
used to quantitatively classify the MOAs.  The results showed that antibiotics with different MOAs were 
distinguishable from each other (Fig. 1H) and replicates of each antibiotic treatment were clustered 
together (Fig. 1I).  These results suggest that BCP can be applied to A. baumannii in discriminating 

 

Antibiotic Class Antibiotic Name MIC (µg/ml) Target 

Drugs tested in Acinetobacter baumannii ATCC 19606
Protein Synthesis Inhibitors    
Aminoglycoside Amikacin 20 30s ribosome (promote mistranslation) 
 Gentamicin 28 30s ribosome (promote mistranslation) 
 Kanamycin 10 30s ribosome (promote mistranslation) 
 Streptomycin >112 30s ribosome (promote mistranslation) 
 Tobramycin 7 30s ribosome (inhibit initiation complex 

formation) 
Amphenicols Chloramphenicol 50 50s ribosome (inhibit peptidyl transferase) 
Macrolide Azithromycin 16 50S ribosome (interfere aminoacyl 

translocation) 
Tetracycline Minocycline 0.75 30S ribosome (inhibit aminoacyl tRNA 

binding) 
 Tetracycline 0.25 30S ribosome (inhibit aminoacyl tRNA 

binding) 
 Tigecycline 2 30S ribosome (inhibit aminoacyl tRNA 

binding) 
RNA Transcription Inhibitor    
Rifamycin 
 

Rifampicin 1 DNA-dependent RNA polymerase 

Cell Wall Synthesis Inhibitors    
Penicillin Ampicillin >112 Penicillin-binding proteins (PBPs) 
 Amoxicillin >112 Penicillin-binding proteins (PBPs) 
 Mecillinam >112 Penicillin-binding proteins (PBPs) 
 Piperacillin 16 Penicillin-binding proteins (PBPs) 
Carbapenem Meropenem 1 Penicillin-binding proteins (PBPs) 
Others Fosfomycin >112 UDP-N-acetylglucosamine enolpyruvyl 

transferase (MurA) 
 D-Cycloserine >112 D-Ala-D-Ala terminal of peptidoglycan 
Membrane Active Compounds    
Polymyxin Colistin 1 Lipopolysaccharide (LPS) 
Oxidative Phosphorylation 
uncoupling Agents 
 

2,4-Dinitrophenol >112 Energy poisoning agents 

Lipid Synthesis Inhibitors    
Polychloro Phenoxy Phenols Triclosan 0.2 Bacterial enoly-acyl carrier protein reductase 

enzyme (ENR: Fabl product) 
Tested compound NSC145612 25 µM  
        

Drugs tested in Acinetobacter baumannii ATCC 17978
DNA Synthesis Inhibitor    
Fluoroquinolone Ciprofloxacin 1 DNA gyrase A 
      



antibiotics targeting six major cellular pathways including protein translation, RNA transcription, 
membrane integrity, lipid synthesis, cell wall synthesis, and DNA replication. 
 

 
FIG 1 A. baumannii cells treated with antibiotics targeting different cellular pathways show distinct morphological changes.  
(A) Untreated bacterial cells. Bacterial cells were treated with (B, D–F) 5x MIC and (C and G) 2x MIC of each antibiotic for 2 hours 
and then stained with FM4-64 (red) and DAPI (blue). Scale bar represents 1 m. (H) A 3D PCA graph constructed from PC1 
(57.11%), PC2 (17.90%) and PC3 (9.35%) shows antibiotics that are distinguished into different subgroups as coded by colors. 
Three independent experiments were performed for each antibiotic treatment and cytological parameters measured as described 
in Materials and Methods. (I) Euclidean cluster map of antibiotics, using values from PC1, PC2 and PC3 of PCA. Ciprofloxacin* 
indicates that all data for treatment with ciprofloxacin was obtained in A. baumannii ATCC 17978 strain. 

 
 
In A. baumannii, BCP can sub-classify different antibiotics that inhibit the same cellular pathway 
based on their mechanism of action 
 Our previous study in E. coli also showed that BCP can be used to classify sub-groups of 
antibiotics based on their MOA (1). To test if the ability of sub-classification by BCP is also observed 
in A. baumannii, we investigated whether BCP can differentiate various protein translation inhibitors 
and cell wall synthesis inhibitors.  From all protein translation inhibitors tested (Fig. 2A-I), we found 
that they were classified into 2 groups that correlated with their known MOA, similar to the previous 
study in E. coli (1): translation inhibition (P1) and aminoglycosides (P2) (Fig. 2J and 2K). Protein 
translation inhibitors belonging to the P1 group bind directly to the ribosome to inhibit translation (6–
9) resulting in the formation of toroidal-shaped DNA (Fig. 1B and Fig. 2B-D).  In addition to the 



translation inhibition, aminoglycosides (10) displayed a significant effect on A. baumannii membrane 
permeability as indicated by the increase in SYTOX-Green uptake (Fig. 2F-I, Right panel) whereas 
SYTOX-Green signal was not detected in the untreated cells (Fig. 2E, Right panel). We also found 
that BCP could distinguish between two types of penicillin binding protein (PBPs) inhibitors in A. 
baumannii (Fig. 3), as expected (11, 12). Meropenem-treated A. baumannii cells were round and 
bloated compared to control cells in agreement with its affinity toward PBP2 (13) (Fig. 3A-B).  Cells 
treated with piperacillin were elongated with an average length of 12 μm (Fig. 3C) likely due to the 
affinity of piperacillin toward PBP3 (14) which is required for cell septa formation in A. baumannii. 
Together, these results suggest that BCP in A. baumannii can also sub-classify antibiotics based on 
their MOA (Fig. 2 and Fig. 3) similar to what we previously reported in E. coli (1). 

 
FIG 2 A. baumannii cytological profiling differentiating protein translation inhibitors into subgroups by their MOA.  
Bacterial cells were treated with each antibiotic at 5x MIC for 2 hours and then stained with FM4-64 (red), DAPI (blue) and SYTOX 
green (green). Scale bar represents 1 m. (A–D) Cells treated with protein translation inhibitors (P1 group) show distinct cell 
profiles. (E) Untreated cells. (F–I) Cells treated with aminoglycosides (P2 group) showing altered membrane permeability. Arrows 
indicate membrane pooling. SYTOX-green (Right panels) only stains nucleoids in the cells with permeabilized membranes. (J) 
PCA graph of protein translation inhibitors using PC1 (44.30%), PC2 (26.82%) and PC3 (8.53%) and (K) Euclidean cluster map, 
using PC1, PC2 and PC3 from PCA. 



 
 
FIG 3 Cytological profiling of cell wall synthesis inhibitors; meropenem treated cells showing different profiles to the cells 
treated with piperacillin.  
(A–C) Bacterial cells were treated with antibiotics at 5x MIC for 2 hours and then stained with FM4-64 (red) and DAPI (blue). 
Scale bar represents 1 m. (D) PCA graph of cell wall synthesis inhibitors showing only PC1 (64.30%) and PC2 (22.81%) and 
(E) Euclidean cluster map using PC1, PC2 and PC3 from PCA showing distinct morphological clusters. 

 
The compound NSC145612 inhibits the growth of A. baumannii via RNA transcription inhibition 
 In this study, we have tested 64 compounds from National Cancer Institute’s Developmental 
Therapeutics Program library for their antibacterial activities against Gram-negative bacterium E. coli 
ATCC 25922 and found that 17 compounds were active. Among those Gram-negative active 
compounds, the compound NSC145612 (Fig. 4A, right panel) showed a promising MIC against A. 
baumannii ATCC 19606 at 25 μM (Table 1). Although the chemical scaffold of NSC145612 is closely 
related to rifampicin (15), which is an antibiotic inhibiting DNA-dependent RNA polymerase (16), the 
compound has never been tested for its mechanism of action. In order to investigate if the compound 
exhibits the same MOA as rifampicin, we performed BCP on the compound against A. baumannii. As 
expected, the result showed that NSC145612-treated A. baumannii cells exhibited a cytological profile 
identical to rifampicin-treated cells (Fig. 4B-D) and grouped together in PCA analysis (Fig. 4E-F), 
suggesting that NSC145612 inhibits RNA transcription of A. baumannii similar to rifampicin.  



 
FIG 4 A. baumannii cell treated with NSC145612 show similar profiles to the RNA transcription inhibitor, rifampicin. 
(A) Chemical structure of rifamycin, rifampicin and NSC145612. (B) Untreated cells. Bacterial cells were treated with 2x MIC of 
(C) Rifampicin or (D) NSC145612 for 2 hours and then stained with FM4-64 (red) and DAPI (blue). Scale bar represents 1 m. 
(E) PCA graph of 6 major classes of representative antibiotics and NSC145612 using PC1 (56.28%), PC2 (18.80%) and PC3 
(9.18%) and (F) Euclidean cluster map, using values from PC1, PC2 and PC3 from PCA, showing NSC145612 closely clustered 
to Rifampicin. Ciprofloxacin* indicates that all data for treatment with Ciprofloxacin was obtained in A. baumannii ATCC 17978 
strain. 

 
 To confirm the molecular target of NSC145612 in A. baumannii, two NSC145612-resistant A. 
baumannii strains were also isolated with an MIC above 150 μM. As expected, NSC145612-resistant 
A. baumannii contained a mutation in the rpoB gene, rpoB(G543S), which is located in the RRDR and 
is known to be responsible for rifampicin resistance in A. baumannii (17, 18). BCP results showed that 
neither NSC145612 nor rifampicin treatment resulted in cytological changes of NSC145612-resistant 
A. baumannii strains as compared to the controls (Fig. 5), confirming that NSC145612 and rifampicin 
are inactive against the resistant strains. Overall, these results suggest that NSC145612 inhibits RNA 
transcription of A. baumannii by targeting its RNA polymerase subunit B. 



 
FIG 5 NSC145612-resistant A. baumannii cells show no morphological change upon NSC145612 and rifampicin treatment. 
(A–C) NSC145612-sensitive strain. Arrows indicate signature phenotype of RNA transcription inhibition. (D–I) NSC145612-resistant 
strains with rpoB mutations indicated. Bacterial cells were treated with 2x MIC of NSC145612 (B, E, and H) or Rifampicin (C, F, 
and I) for 2 hours and then stained with FM4-64 (red) and DAPI (blue). Scale bar represents 1 m.  

 
Conclusion and Discussion 
 A recent report from the World Health Organization revealed that among the ESKAPE 
pathogens, A. baumannii poses a threat to public health and economies worldwide (19). A. baumannii 
is a successful pathogen due to its ability to survive in desiccated environments and its intrinsic 
antibiotic resistance (20).  As a result, MDR-AB is spreading at an alarming rate (21–23). Multiple 
approaches exist in order to help mitigate the rise of MDR-AB including developing more stringent 
guidelines for antibiotic usage and establishing effective surveillance and containment programs (19). 
A direct approach to combat MDR-AB is to find new antibiotics that are effective against this pathogen. 
 BCP has been developed for several species of bacteria including E.coli, S. aureus and B. 
subtilis, but it has not been systematically applied to A. baumannii (4, 24, 25).  Here we study the 
cytological profiles of antibiotics commonly used to treat A. baumannii.  We show that BCP can be 
used to identify the MOA of newly discovered compounds to facilitate A. baumannii-specific antibiotic 
discovery.  BCP successfully differentiates A. baumannii cells treated with different antibiotics targeting 
major cellular pathways: protein translation, RNA transcription, membrane integrity, lipid synthesis, cell 
wall synthesis, and DNA replication.  Similar to E. coli, A. baumannii cytological changes can reveal 
subgroups of protein translation inhibitors and cell wall synthesis inhibitors suggesting similar 
cytological responses across Gram-negative bacteria species. 
 The compound NSC145612 from the National Cancer Institute’s Developmental Therapeutics 
Program has previously been tested for anti-cancer and AIDS antiviral activity, all of which gave 
negative results (15).  In this study, its antibacterial activity was tested by BCP and later confirmed by 
resistant mutant selection and genome sequencing.  NSC145612 inhibits the growth of A. baumannii 
and E. coli via RNA transcription inhibition by targeting RpoB protein. Altogether, this study proves the 



utility of BCP as a potential method to reveal the mechanism of action of compounds that are active 
against A. baumannii.  
Future direction 
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 2 

Abstract 22 

 An increasing number of multidrug-resistant Acinetobacter baumannii (MDR-AB) 23 

infections have been reported worldwide, posing a threat to public health. The establishment 24 

of methods to elucidate the mechanism of action (MOA) of A. baumannii-specific antibiotics 25 

is needed to develop novel antimicrobial therapeutics with activity against MDR-AB. We 26 

previously developed bacterial cytological profiling (BCP) to understand the MOA of 27 

compounds in E. coli and B. subtilis. Given how distantly related A. baumannii is to these 28 

species, it was unclear to what extent it could be applied. Here we implemented bacterial 29 

cytological profiling (BCP) as an antibiotic MOA discovery platform for A. baumannii.  We 30 

found that the BCP platform can distinguish among six major antibiotic classes and can also 31 

sub-classify antibiotics that inhibit the same cellular pathway but have different molecular 32 

targets.  We used BCP to show that the compound NSC145612 inhibits the growth of A. 33 

baumannii via targeting RNA transcription. We confirmed this result by isolating and 34 

characterizing resistant mutants with mutations in the rpoB gene. Altogether, we conclude 35 

that BCP provides a useful tool for MOA studies of antibacterial compounds that are active 36 

against A. baumannii. 37 

 38 

Introduction 39 

 The discovery of penicillin led to the “golden era” of antibiotic research which lasted 40 

for many decades before fading away in the 1970s. Since then, the rate of discovery of novel 41 

antibacterial molecules has decreased dramatically, and most of the newly commercialized 42 

antibiotics are analogues of existing ones (1–3).  Although five new classes of Gram-positive 43 

acting antibiotics were recently discovered, fewer novel Gram-negative antibiotics have been 44 

developed (4). The incidence of Gram-negative pathogens that are resistant to almost all 45 

existing antibiotics is growing rapidly (5, 6). As a result, the options for treating drug-46 
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 3 

resistant Gram-negative infections are limited; thus, new antibiotics that act against Gram-47 

negative bacteria are urgently needed (7).  Among the ESKAPE pathogens (Enterococcus 48 

faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 49 

Pseudomonas aeruginosa, and Enterobacter species) (5), A. baumannii is of particular 50 

concern as it is  (8, 9) responsible for a wide range of hospital-acquired infections including 51 

meningitis, bacteremia, and skin infections (10).  Apart from their intrinsic resistance, some 52 

clinically isolated A. baumannii strains have developed resistance to antibiotics commonly 53 

used for treatment such as -lactams, aminoglycosides and tetracyclines (11). Also, a number 54 

of cases have been reported of strains that are resistant to colistin (11–13) and tigecycline 55 

(11, 14, 15), antibiotics considered to be the last line of defense (16), emphasizing the need of 56 

novel antibiotics that are active against the pathogen. 57 

 In order to minimize the harmful effects of antibiotics on the microbiome and prevent 58 

the spread of antibiotic resistance across various pathogens, narrow spectrum-antibiotics may 59 

be preferable over broad spectrum ones in some cases (2).   Species-specific antibiotic 60 

screening platforms have been proposed as a potential approach to discover narrow spectrum-61 

antibiotics (17).  A Mycobacteria-specific screening platform is an example of a successful 62 

case of such screening approaches (4, 18). These screens resulted in the discovery of many 63 

antibiotics exhibiting both broad spectrum, such as streptomycin (19), and mycobacteria-64 

specific activity including isoniazid, pyrazinamide, ethionamide, ethambutol (4), and 65 

bedaquiline (20).  Recently, Gram-specific (21–24) and pathogen-specific (25, 26) antibiotic 66 

discovery were also proven to be successful, leading to the identification of narrow spectrum 67 

compounds including some that are active only against A. baumannii (27–29). As more 68 

candidate compounds are revealed through screening, there will be a need for better methods 69 

to elucidate their MOA in A. baumannii. 70 

 71 
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 4 

 In recent years, we have developed a method for antibiotic mechanism of action 72 

(MOA) study called bacterial cytological profiling (BCP) that can be applied to various 73 

bacterial species (30–32).  BCP generates reference cytological profiles of bacterial cells 74 

upon treatment with different classes of antibiotics. BCP has been proven to be beneficial in 75 

MOA studies of antibiotics (30, 31, 33–37) and in a rapid antibiotic susceptibility test (32).  76 

Although a BCP-derived method was successfully used in a synergy study between 77 

azithromycin and human antimicrobial peptide LL-37 against multidrug resistant A. 78 

baumannii (MDR-AB) (38), reference BCP profiles of A. baumannii treated with various 79 

types of antibiotics have not been reported. A. baumannii is very distantly related to E. coli 80 

and it was therefore unclear to what extent BCP could be applied. Here we investigated the 81 

utility of BCP for A. baumannii. We showed that BCP is a useful tool for identifying the 82 

MOA of antibacterial molecules that inhibit the growth of A. baumannii (Table S1) and used 83 

this platform to determine that the compound NSC145612 inhibits transcription in A. 84 

baumannii.  85 

 86 

Results  87 

BCP in A. baumannii can distinguish different classes of antibiotics  88 

 We first determined, based on cell morphological changes in A. baumannii ATCC 89 

19606, if BCP can distinguish between antibiotics that interfere with six major cellular 90 

pathways: protein translation (chloramphenicol), RNA transcription (rifampicin), membrane 91 

integrity (colistin), lipid synthesis (triclosan), cell wall synthesis (piperacillin), and DNA 92 

replication (Ciprofloxacin). After incubation with antibiotics, we found that A. baumannii 93 

ATCC 19606 showed unique cell cytological profiles depending on the class of antibiotics 94 

used for treatment (Fig. 1A-F).  Chloramphenicol-treated cells had a signature toroidal-95 

shaped chromosome (Fig. 1B) while treatment with the transcription inhibitor, rifampicin, 96 
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 5 

resulted in diffuse DAPI staining throughout the cell except for a small rounded region near 97 

the cell membrane (Fig. 1C) similar to the BCP profile of actinomycin D-treated E. coli from 98 

the previous study (30). Colistin-treated cells were attached together creating a long chain of 99 

small and round cells (Fig. 1D) similar to what we previously reported (38). Triclosan-treated 100 

cells were shorter and slightly rounder than untreated cells (Fig. 1E). The Cell wall synthesis 101 

inhibitor piperacillin resulted in cell elongation without visible cell septation (Fig. 1F). In the 102 

case of DNA replication inhibitors, we found that even though DNA replication inhibitors 103 

effectively inhibited growth of A. baumannii ATCC 19606 as measured by MIC, only less 104 

than 10% of the cells treated with these inhibitors showed a possible DNA replication 105 

inhibition phenotype in this strain (FIG S1). Thus, another well-studied A. baumannii strain 106 

ATCC 17978 (39) was used in DNA replication experiment (FIG S2 and Table S1). We 107 

found that the cell morphology of A. baumannii ATCC 17978 changed upon ciprofloxacin 108 

treatment. The treated cells were elongated and their chromosomes formed a single large 109 

nucleoid in the cell center (Fig. 1G).  Overall, A. baumannii cytological profiles of cells 110 

treated with different antibiotics were similar to those of E. coli shown in our previous study 111 

(30).  Next, we quantitated 36 different cytological parameters of cells treated with each 112 

antibiotic (Table S2) and used principal component analysis (PCA) to determine if these cell 113 

profiles can be used to quantitatively classify the MOAs.  The results showed that antibiotics 114 

with different MOAs were distinguishable from each other (Fig. 1H) and replicates of each 115 

antibiotic treatment were clustered together (Fig. 1I).  These results suggest that BCP can be 116 

applied to A. baumannii in discriminating antibiotics targeting six major cellular pathways 117 

including protein translation, RNA transcription, membrane integrity, lipid synthesis, cell 118 

wall synthesis, and DNA replication. 119 

 120 
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 6 

In A. baumannii, BCP can sub-classify different antibiotics that inhibit the same cellular 121 

pathway based on their mechanism of action 122 

 Our previous study in E. coli also showed that BCP can be used to classify sub-groups 123 

of antibiotics based on their MOA (30). To test if the ability of sub-classification by BCP is 124 

also observed in A. baumannii, we investigated whether BCP can differentiate various protein 125 

translation inhibitors and cell wall synthesis inhibitors.  From all protein translation inhibitors 126 

tested (Fig. 2A-I), we found that they were classified into 2 groups that correlated with their 127 

known MOA, similar to the previous study in E. coli (30): translation inhibition (P1) and 128 

aminoglycosides (P2) (Fig. 2J and 2K). Tetracycline, tigecycline and minocycline, which are 129 

structurally related, were closely clustered in the analysis (Fig. 2K). Protein translation 130 

inhibitors belonging to the P1 group bind directly to the ribosome to inhibit translation (40–131 

43) resulting in the formation of toroidal-shaped DNA (Fig. 1B and Fig. 2B-D).  In addition 132 

to the translation inhibition, aminoglycosides (44) displayed a significant effect on A. 133 

baumannii membrane permeability as indicated by the increase in SYTOX-Green uptake 134 

(Fig. 2F-I, Right panel) whereas SYTOX-Green signal was not detected in the untreated 135 

cells (Fig. 2E, Right panel). The increase in SYTOX-Green intensity found in 136 

aminoglycoside-treated cells is more than 20 times higher than those of untreated cells 137 

(Table S2). This permeability effect of aminoglycosides separated them from the untreated 138 

and the others in the P1 group (Fig. 2J and 2K). We also found that BCP could distinguish 139 

between two types of penicillin binding protein (PBPs) inhibitors in A. baumannii (Fig. 3), as 140 

expected (45, 46). Among all cell wall synthesis inhibitors tested in this study (Table S1), 141 

only meropenem, a preferred choice for treating A. baumannii infections (10, 47–49), and 142 

piperacillin are active against the strain according to an MIC assay. Meropenem-treated A. 143 

baumannii cells were round and bloated compared to control cells in agreement with its 144 

affinity toward PBP2 (50) (Fig. 3A-B).  Cells treated with piperacillin were elongated with 145 
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 7 

an average length of 12 µm (Fig. 3C and Table S2) likely due to the affinity of piperacillin 146 

toward PBP3 (49) which is required for cell septa formation in A. baumannii. Together, these 147 

results suggest that BCP in A. baumannii can also sub-classify antibiotics based on their 148 

MOA (Fig. 2 and Fig. 3) similar to what we previously reported in E. coli (30). 149 

 150 

The compound NSC145612 inhibits the growth of A. baumannii via RNA transcription 151 

inhibition 152 

In this study, we have tested 64 compounds from National Cancer Institute’s 153 

Developmental Therapeutics Program library for their antibacterial activities against Gram-154 

negative bacterium E. coli ATCC 25922 and found that 17 compounds were active. Among 155 

those Gram-negative active compounds, the compound NSC145612 (Fig. 4A, right panel) 156 

showed a promising MIC against A. baumannii ATCC 19606 at 25 µM (Table S1). Although 157 

the chemical scaffold of NSC145612 is closely related to rifampicin (51), which is an 158 

antibiotic inhibiting DNA-dependent RNA polymerase (52), the compound has never been 159 

tested for its mechanism of action. In order to investigate if the compound exhibits the same 160 

MOA as rifampicin, we performed BCP on the compound against A. baumannii. As 161 

expected, the result showed that NSC145612-treated A. baumannii cells exhibited a 162 

cytological profile identical to rifampicin-treated cells (Fig. 4B-D) and grouped together in 163 

PCA analysis (Fig. 4E-F), suggesting that NSC145612 inhibits RNA transcription of A. 164 

baumannii similar to rifampicin.  This conclusion was supported by examining NSC145612 165 

in E. coli ΔtolC, whose growth was inhibited at 30 µM (Table S3). BCP of NSC145612-166 

treated E. coli ΔtolC cells showed decondensed DNA (Fig. S3), which is a hallmark of 167 

transcription inhibition in E. coli (30).  168 

In order to gain more information regarding molecular target of the compound 169 

NSC145612, we isolated and characterized resistant mutations in both A. baumannii and E. 170 
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coli ΔtolC.  A total of four NSC145612-resistant mutants of E. coli were isolated (Table S3). 171 

Whole genome sequencing of the resistant mutants revealed various mutations in DNA-172 

dependent RNA polymerase subunit B (rpoB gene) (Table S3), a well-known gene 173 

responsible for rifampicin-resistance in E. coli and Mycobacterium tuberculosis (52, 53). 174 

Notably, three of our four resistant mutants contain mutations (Table S3) which are located 175 

in the Rifampicin Resistance Determining Region (RRDR) of the rpoB gene spanning from 176 

codon 507 to 533 (54). The rare mutation rpoB(V146F), which is located near the rifampicin-177 

binding pocket of the enzyme (55), was also found in one of the NSC145612-resistant 178 

mutants (LB143 strain).  In accordance with the genetic profiles, the BCP profile of resistant 179 

mutants treated with NSC145612 and rifampicin showed no cytological changes as compared 180 

to the untreated controls (Fig. S3), confirming that NSC145612 and rifampicin are inactive 181 

against the strains containing the rpoB mutation.  182 

To confirm the molecular target of NSC145612 in A. baumannii, two NSC145612-183 

resistant A. baumannii strains were also isolated with an MIC above 200 µM (Table 1). As 184 

expected, NSC145612-resistant A. baumannii contained a mutation in the rpoB gene, 185 

rpoB(G543S) (Table 1), which is located in the RRDR and is known to be responsible for 186 

rifampicin resistance in A. baumannii (56, 57). BCP results showed that neither NSC145612 187 

nor rifampicin treatment resulted in cytological changes of NSC145612-resistant A. 188 

baumannii strains as compared to the controls (Fig. 5), confirming that NSC145612 and 189 

rifampicin are inactive against the resistant strains. Overall, these results suggest that 190 

NSC145612 inhibits RNA transcription of A. baumannii by targeting its RNA polymerase 191 

subunit B. 192 

 193 

Discussion 194 
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 9 

 A recent report from the World Health Organization revealed that among the 195 

ESKAPE pathogens, A. baumannii poses a threat to public health and economies worldwide 196 

(9). A. baumannii is a successful pathogen due to its ability to survive in desiccated 197 

environments and its intrinsic antibiotic resistance (8).  As a result, MDR-AB is spreading at 198 

an alarming rate (58–60). Multiple approaches exist in order to help mitigate the rise of 199 

MDR-AB including developing more stringent guidelines for antibiotic usage and 200 

establishing effective surveillance and containment programs (9). A direct approach to 201 

combat MDR-AB is to find new antibiotics that are effective against this pathogen. 202 

 BCP has been developed for several species of bacteria including E. coli, S. aureus 203 

and B. subtilis, but it has not been systematically applied to A. baumannii (31, 32, 61).  Here 204 

we study the cytological profiles of antibiotics commonly used to treat A. baumannii.  We 205 

show that BCP can be used to identify the MOA of newly discovered compounds to facilitate 206 

A. baumannii-specific antibiotic discovery.  BCP successfully differentiates A. baumannii 207 

cells treated with different antibiotics targeting major cellular pathways: protein translation, 208 

RNA transcription, membrane integrity, lipid synthesis, cell wall synthesis, and DNA 209 

replication.  Similar to E. coli, A. baumannii cytological changes can reveal subgroups of 210 

protein translation inhibitors and cell wall synthesis inhibitors suggesting similar cytological 211 

responses across Gram-negative bacteria species. 212 

 While A. baumannii ATCC 17978 treated with ciprofloxacin showed a clear 213 

cytological profile consistent with inhibiting DNA replication (Fig. S2), treatment of A. 214 

baumannii ATCC 19606 with ciprofloxacin did not induce similar cytological changes (Fig. 215 

S1). The fact that A. baumannii ATCC 19606 did not respond to DNA replication inhibitors 216 

made it unpractical for data from this strain to be used in the analysis. DNA damage and 217 

replication inhibition caused by quinolone antibiotics induce SOS responses in E. coli (62–218 

64) and other bacteria (65, 66).  In previous studies of E. coli (30, 67), filamentous E. coli 219 
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observed after quinolone antibiotic treatment was a result of replication halt-induced SOS 220 

response (65). Upon SOS response induction, sulA is derepressed due to the decrease in 221 

LexA protein, a master regulator of SOS response genes. SulA then inhibits FtsZ 222 

polymerization which leads to cell division inhibition and filamentation (68, 69).  However, 223 

the SOS response of Acinetobactor spp. is not well-understood due to the lack of similar SOS 224 

response genes including lexA and sulA (68, 70–72). Since distinct responses to DNA damage 225 

have been observed in different species of Acinetobacter (73, 74), it is possible that A. 226 

baumannii ATCC 19606 and ATCC 17978 respond differently to the DNA replication 227 

inhibitors. Based on these results, multiple A. baumannii strains should be used to establish a 228 

comprehensive database of cytological profiles. 229 

 The compound NSC145612 from the National Cancer Institute’s Developmental 230 

Therapeutics Program has previously been tested for anti-cancer and AIDS antiviral activity, 231 

all of which gave negative results (51).  In this study, its antibacterial activity was tested by 232 

BCP and later confirmed by resistant mutant selection and genome sequencing.  NSC145612 233 

inhibits the growth of A. baumannii and E. coli via RNA transcription inhibition by targeting 234 

RpoB protein. Altogether, this study proves the utility of BCP as a potential method to reveal 235 

the mechanism of action of compounds that are active against A. baumannii.  236 

 237 

 238 

Materials and Methods 239 

Bacteria strain, growth and antibiotics. Acinetobacter baumannii strain ATCC 19606, 240 

strain ATCC 17978 and Escherichia coli strain AD3644 (ΔtolC) were used in this study. The 241 

bacteria were grown in LB medium or LB agar at 30°C. A total of twenty-two antibiotics 242 

were tested on A. baumannii from which fifteen antibiotics with minimal inhibitory 243 

concentration of less than 112 g/ml were used in this study (Table S1). The compound 244 

NSC145612 was obtained from the National Cancer Institute’s Developmental Therapeutics 245 
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Program. Preparation of the antibiotics was according to the manufacture’s 246 

recommendations.  247 

 248 

Minimal Inhibitory Concentrations. Minimal inhibitory concentrations (MIC) of all 249 

antibiotics are shown in Table S1. MIC was obtained using microdilution method (30) . 250 

Overnight cultures of A. baumannii were diluted 1:100 in LB broth and allowed to grow at 251 

30°C on a roller until exponential phase or until the OD600 of 0.2 was obtained. The bacteria 252 

culture was further diluted 1:100 into each well of 96 well plate containing antibiotics in LB 253 

media at appropriate concentrations. Cultures were allowed to grow at 30°C for 24 hours. 254 

MIC was determined by observing the concentration of the antibiotic in the well where the 255 

bacteria was unable to grow.  256 

 257 

Fluorescence microscopy. Overnight cultures of A. baumannii were diluted 1:500 and those 258 

of E. coli at 1:100 in LB broth and grown at 30°C on a roller until exponential phase. 259 

Antibiotics were added at concentrations of 0.75 times MIC for colistin, 2 times the MIC for 260 

rifampicin, NSC145612, and ciprofloxacin and, 5 times the MIC for the rest of the tested 261 

antibiotics.  Cultures were then grown at 30°C on a roller for 2 hours. A. baumannii cultures 262 

were stained with FM 4-64 (2 g/ml), DAPI (4 g/ml) and SYTOX-green (0.5 M).  E. coli 263 

the cells were stained with FM 4-64 (1 µg/mL), DAPI (2 µg/mL), and SYTOX-Green (0.5 264 

µM). Stained bacterial cultures were harvested by centrifugation at 6,000 g for 30 seconds 265 

and resuspended in 1/10 volume of the same culture media. Three microliters of this was 266 

added to agarose pads (1.2% agarose in 20% LB broth) on concave glass slides. Fluorescence 267 

microscopy was performed with consistent imaging parameters throughout all experiments.  268 

 269 
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Cytological profiling. Cytological profiles were determined by automated cell analysis using 270 

CellProfiller 3.0 (75). Briefly, images were pre-processed on Fiji software (76) and 271 

subsequently analyzed on CellProfiler 3.0 software. Cell morphological parameters such as 272 

length, width, area, perimeter, form factor, ferret diameter, radius, compactness, solidity and 273 

eccentricity of both cell membrane and nucleoid were determined. To obtain the average 274 

intensity of SYTOX-green and DAPI, both the membrane and nucleoid outlines were used 275 

and subtracted by background intensity in corresponding images. The fold-increase in 276 

permeability of aminoglycosides (P2 group) was determined by dividing the SYTOX-Green 277 

intensity of aminoglycoside-treated cells with that of the untreated cells (Table S2).  278 

Decondensation of the nucleoid was determined by the ratio of the area of the nucleoid to that 279 

of the cell membrane.  280 

 281 

Statistical analysis.  As described previously (30, 31, 38), the cytological parameters of each 282 

antibiotic were obtained from three independent experiments. Profiling data was from 283 

automated analysis of the cells in each imaging field. Only images containing more than 20 284 

for long cells and for the rest, more than 30 cells per imaging field were selected into data 285 

points. Weighed principal component analysis (PCA) was performed using statistic tools on 286 

MATLAB 2017a.  Euclidean cluster analysis was generated from Morpheus 287 

(https://software.broadinstitute.org/morpheus).   288 

 289 

Isolation of NSC145612-resistant mutants.  In E. coli, resistant mutants were obtained by 290 

plating E. coli AD3644 (ΔtolC) on LB agar plates containing 2X MIC of NSC145612. The 291 

plates were incubated at 30°C and resistant mutants were purified and stabilized on additional 292 

2X MIC of NSC145612 selection plates. In A. baumannii, A. baumannii ATCC 19606 culture 293 

was diluted into the LB media containing NSC145612 starting at 0.5X MIC.  This process 294 
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was repeated with escalating concentration of NSC145612 until the NSC145612-resistant A. 295 

baumannii was obtained. The resistant strains were purified on LB agar plates and MIC for 296 

NSC145612 and rifampicin determined by broth dilution method, as mentioned above.   297 

 298 

 299 

 300 
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Figure legends and Tables 311 

 312 

FIG 1 A. baumannii cells treated with antibiotics targeting different cellular pathways 313 

show distinct morphological changes.  314 

(A) Untreated bacterial cells. Bacterial cells were treated with (B, D–F) 5x MIC and (C and 315 

G) 2x MIC of each antibiotic for 2 hours and then stained with FM4-64 (red) and DAPI 316 

(blue). Scale bar represents 1 m. (H) A 3D PCA graph constructed from PC1 (57.11%), PC2 317 

(17.90%) and PC3 (9.35%) shows antibiotics that are distinguished into different subgroups 318 

as coded by colors. Three independent experiments were performed for each antibiotic 319 

treatment and cytological parameters (Table S2) measured as described in Materials and 320 

Methods. (I) Euclidean cluster map of antibiotics, using values from PC1, PC2 and PC3 of 321 

PCA. Ciprofloxacin* indicates that all data for treatment with ciprofloxacin was obtained in 322 

A. baumannii ATCC 17978 strain. 323 

 324 

FIG 2 A. baumannii cytological profiling differentiating protein translation inhibitors 325 

into subgroups by their MOA.  326 

Bacterial cells were treated with each antibiotic at 5x MIC for 2 hours and then stained with 327 

FM4-64 (red), DAPI (blue) and SYTOX green (green). Scale bar represents 1 m. (A–D) 328 

Cells treated with protein translation inhibitors (P1 group) show distinct cell profiles. (E) 329 

Untreated cells. (F–I) Cells treated with aminoglycosides (P2 group) showing altered 330 

membrane permeability. Arrows indicate membrane pooling. SYTOX-green (Right panels) 331 

only stains nucleoids in the cells with permeabilized membranes. (J) PCA graph of protein 332 

translation inhibitors using PC1 (44.30%), PC2 (26.82%) and PC3 (8.53%) and (K) 333 

Euclidean cluster map, using PC1, PC2 and PC3 from PCA. 334 
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FIG 3 Cytological profiling of cell wall synthesis inhibitors; meropenem treated cells 335 

showing different profiles to the cells treated with piperacillin.  336 

(A–C) Bacterial cells were treated with antibiotics at 5x MIC for 2 hours and then stained 337 

with FM4-64 (red) and DAPI (blue). Scale bar represents 1 m. (D) PCA graph of cell wall 338 

synthesis inhibitors showing only PC1 (64.30%) and PC2 (22.81%) and (E) Euclidean cluster 339 

map using PC1, PC2 and PC3 from PCA showing distinct morphological clusters. 340 

 341 

FIG 4 A. baumannii cell treated with NSC145612 show similar profiles to the RNA 342 

transcription inhibitor, rifampicin. 343 

(A) Chemical structure of rifamycin, rifampicin and NSC145612. (B) Untreated cells. 344 

Bacterial cells were treated with 2x MIC of (C) Rifampicin or (D) NSC145612 for 2 hours 345 

and then stained with FM4-64 (red) and DAPI (blue). Scale bar represents 1 m. (E) PCA 346 

graph of 6 major classes of representative antibiotics and NSC145612 using PC1 (56.28%), 347 

PC2 (18.80%) and PC3 (9.18%) and (F) Euclidean cluster map, using values from PC1, PC2 348 

and PC3 from PCA, showing NSC145612 closely clustered to Rifampicin. Ciprofloxacin* 349 

indicates that all data for treatment with Ciprofloxacin was obtained in A. baumannii ATCC 350 

17978 strain. 351 

 352 

FIG 5 NSC145612-resistant A. baumannii cells show no morphological change upon 353 

NSC145612 and rifampicin treatment. 354 

(A–C) NSC145612-sensitive strain. Arrows indicate signature phenotype of RNA 355 

transcription inhibition. (D–I) NSC145612-resistant strains with rpoB mutations indicated. 356 

Bacterial cells were treated with 2x MIC of NSC145612 (B, E, and H) or Rifampicin (C, F, 357 

and I) for 2 hours and then stained with FM4-64 (red) and DAPI (blue). Scale bar represents 358 

1 m.  359 
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 360 

 361 

Table 1. MIC of NSC145612 and rifampicin against A. baumannii strains  362 

Strains rpoB mutations 
MIC   

NSC145612 (μM) Rifampicin (μM) 

A. baumannii - 25 1.2 

A. baumannii HH1102 rpoB(G543S) >200 24 

A. baumannii HH1105 rpoB(G543S) >200 24 

 363 

  364 
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