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Introduction: Acinetobacter baumannii is notorious for its high resistance 

levels, and the development of clinically effective antimicrobial agents is an 

urgent medical challenge. Single-chain variable fragments (scFvs) that 

exhibit antibacterial properties against challenging pathogens, such as 

Pseudomonas aeruginosa and Staphylococcus aureus, have the potential to 

improve therapeutic strategies significantly. Their unique ability to function 

independently of the host immune system makes scFvs a highly promising 

option for effective treatment. In our previous studies, we identified two 

human scFvs (EB211 and EB279) that showed direct growth inhibition 

activity against A. baumannii strains in vitro and therapeutic effectiveness in 

immunocompromised mice with pneumonia caused by an extensively drug-

resistant A. baumannii strain. In the present study, we endeavored to 

demonstrate how EB211 and EB279 could inhibit the growth of A. 

baumannii. Methods: A. baumannii, Klebsiella pneumoniae, and 

Pseudomonas aeruginosa strains were individually incubated with the scFv 

in the presence of a high concentration of magnesium (MgSO4; 20 mM). 

Epitope mapping and immunoblotting were conducted to identify A. 

baumannii proteins likely bound by EB211 and EB279. Results: It was 

found that EB211 and EB279, similar to colistin sulfate, lost their activity in 

the presence of magnesium. Moreover, immunoblotting revealed that EB211 

and EB279 might bind the OprD family outer membrane porin and TonB 

family C-terminal domain protein, respectively. Conclusion: EB211 and 

EB279 elicit direct growth inhibitory activity against A. baumannii without 

needing immune cells or complements, which could be helpful for 

immunocompromised patients. 
 

 

INTRODUCTION 

Acinetobacter baumannii is an opportunistic pathogen 

that causes deadly infections in hospitals and the 

community [1]. It is one of the most problematic 

nosocomial ESKAPE pathogens due to its resistance to 

last-resort antibiotics (e.g. colistin and tigecycline) 

[1]. Accordingly, the World Health Organization (WHO) 

has advocated the development of effective antimicrobial 

agents against carbapenem-resistant A. baumannii 

(CRAB) [2]. The development of functional antibacterial 

agents has been facilitated by demonstrating that cationic 

antibacterial agents (e.g. antimicrobial peptides and 

positively charged antibodies) can exert effective growth 

inhibitory activity through electrostatic interactions with 

the outer membrane or cell wall of bacteria [3-5]. Of 

note, A. baumannii benefits from virulence factors such 

as outer membrane proteins (OMPs), metal ion 

acquisition systems, lipopolysaccharides (LPS), and 

efflux pumps, empowering it to survive harsh 

environments (e.g. host immune system and 

hospital environments) and resist antibiotics [6-10]. 

Several studies have demonstrated that mAbs targeting 

these virulence factors could protect against infections 

caused by multidrug-resistant (MDR) or extensively 

drug-resistant (XDR) A. baumannii in animal models [6, 

11-14]. 
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Antibody fragments with growth inhibitory activity 

are an emerging class of antibacterial agents exhibiting 

significant inhibitory activity against some health-

threatening pathogens (e.g. Acinetobacter baumannii, 

Staphylococcus aureus, and Pseudomonas aeruginosa) 

[1, 4, 15-18]. The single-chain variable fragment (scFv) 

consists of the variable domains of light and heavy 

chains (VL and VH, respectively) of a monoclonal 

antibody (mAb) connected by a peptide linker [19]. This 

antibody fragment, lacking the antibody constant 

domains, exerts its antibacterial activity through 

mechanisms including disrupting the outer 

membrane/cell wall of bacteria (functioning as 

antimicrobial peptides), interfering with the biological 

activity of vital macromolecules, acting as an abzyme, or 

causing apoptosis [1, 4, 16, 17, 20]. In this regard, 

Richard et al. showed that the S20 scFv caused cell 

damage and death by targeting the O-specific antigen of 

P. aeruginosa (serotype O6) [15]. Moreover, 

Soltanmohammadi et al. indicated that three human 

scFvs by binding to vital S. aureus proteins, including 

TrkH family potassium uptake protein, peptidoglycan 

editing factor )PgeF(, and lipoprotein-like 8 )lpl8(, and 

disrupting the integrity of the cell wall led to bacterial 

death [4].  

In previous studies, we found two human scFvs, 

EB211 and EB279, with significant growth inhibitory 

activity against A. baumannii in vitro [1] and in vivo 

[18]. In the present study, A. baumannii strains were 

incubated with the scFv (EB211 or EB279) and a high 

concentration of magnesium (Mg
2+

) to demonstrate that 

these scFvs act as cationic antimicrobial peptides 

(cAMPs). Furthermore, we conducted epitope mapping 

and immunoblotting to determine which A. baumannii 

proteins might be targeted by EB211 and EB279.  

 

MATERIALS AND METHODS  

Bacterial strains and susceptibility testing. Two 

XDR strains of A. baumannii, A.b.56 and A.b.58 (from 

an endotracheal tube and the blood of two patients with 

A. baumannii infection, respectively) were obtained from 

the Microbiology Department of the Pasteur Institute of 

Iran [1, 21]. Methicillin-resistant S. aureus (MRSA) 

S.a.124 (from the blood of a patient with S. aureus 

infection) was obtained from the Department of 

Mycobacteriology and Pulmonary Researches of the 

Pasteur Institute of Iran [4]. A. baumannii ATCC 19606, 

Klebsiella pneumoniae ATCC 700603, and P. 

aeruginosa ATCC 27853 were from the American Type 

Culture Collection. The strains were routinely cultured 

on trypticase soy broth (TSB; Sigma-Aldrich, Saint 

Louis, USA) or trypticase soy agar (TSA; Sigma-

Aldrich).  

Determination of the potential of EB211 and EB279 

as cationic antimicrobials. Acinetobacter baumannii 

ATCC 19606, A. baumannii A.b.56, A. baumannii 

A.b.58, K. pneumoniae ATCC 700603, and P. 

aeruginosa ATCC 27853 have previously been 

evaluated for antimicrobial susceptibility [1]. It was 

determined that A. baumannii ATCC 19606, A. 

baumannii A.b.56, A. baumannii A.b.58, and P. 

aeruginosa ATCC 27853 were colistin-susceptible 

strains with a minimum inhibitory concentration (MIC) 

of 1 µg/mL based on the MIC breakpoints of the Clinical 

and Laboratory Standards Institute (CLSI) for colistin 

sulfate (CS). Additionally, K. pneumoniae ATCC 

700603 was susceptible to imipenem, with a MIC of 2 

µg/mL [1].   

One of the assays that can exhibit the antibacterial 

agent’s impact on the integrity of the bacterium’s outer 

membrane is to culture in a high concentration of Mg
+2 

[4]. To this end, the antibacterial activity of EB211 and 

EB279 against A. baumannii ATCC 19606, A.b.56, and 

A.b.58, K. pneumoniae ATCC 700603, and P. 

aeruginosa ATCC 27853 was investigated in the 

presence of a high concentration of MgSO4 by microtiter 

and agar plate assays as previously described [4]. In 

brief, the growth curves of bacteria incubated with the 

scFv (200 µg/mL) [1] or the antibiotic (CS; 1 µg/mL or 

imipenem; 0.125 µg/mL) [1] in the presence of MgSO4 

(20 mM) (Merck, Darmstadt, Germany) [4] were 

compared with the growth curves of bacteria incubated 

with the scFv or the antibiotic in the absence of MgSO4 

(microtiter plate assay) [1]. Furthermore, the viability of 

bacteria incubated with the scFv or the antibiotic (CS or 

imipenem) in the presence of MgSO4 was determined 

after 30 minutes and five hours of incubation by plating 

the mixture on LB agar (or LB agar containing 

imipenem) and counting the colonies after 18 hours of 

incubation at 37°C (agar plate assay) [1]. 

Prediction of EB211- and EB279-specific target 

proteins. The Ph.D.
TM

-C7C Phage Display Peptide 

Library (~ 10
9
 clones) (New England Biolabs, Beverly, 

MA, USA) was biopanned against EB211 and EB279 to 

isolate phage clones specific to the scFv (EB211 or 

EB279), according to the Ph.D.-C7C kit instructions. 

Phage DNAs were extracted from four phage clones, 

infected with eluted phages from the third round of 

panning on each scFv, according to Ph.D.-C7C kit 

instructions. After sequencing, the nucleotide sequence 

of peptides was analyzed by the Gene Runner program, 

version 6.0 (Hastings Software, Inc.). The amino acid 

sequences of the inserts were appraised in the 

Biopanning Data Bank (MimoDB) 

(http://immunet.cn/bdb/), and the peptides unrelated to 

the target were erased [22, 23]. Then, the peptides were 

blasted against the NCBI protein database for A. 

baumannii, and proteins with a score   18.5 were 

predicated as proteins targeted by EB211 or EB279 [4].  

Immunoblotting. Total-cell envelopes of A. 

baumannii A.b.56 were prepared as previously described 

[24]. Briefly, an overnight culture of A. baumannii 

A.b.56 was centrifuged at 8000 g for 10 min. The pellet 

was homogenized in 1.5 mL of 10 mM Tris-HCl0.3% 
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NaCl pH 8.0, followed by sonication. The suspension 

was centrifuged, and the supernatant was transferred into 

a new microtube, followed by centrifugation for 60 min 

at 20,000g. 

Total-cell envelopes of A. baumannii A.b.56 and the cell 

wall extract of S. aureus S.a. 124 [4] were separated by 

sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE), followed by 

immunoblotting. In brief, the polyvinylidene fluoride 

(PVDF) membranes were individually incubated with 

EB211 and EB279 (800 µg/mL), followed by the 

incubation with mouse anti-human scFv polyclonal 

antibody (1:200 dilution). After incubation with goat 

anti-mouse IgG-horseradish peroxidase (HRP)-

conjugated antibody (1:2000 dilution), the membranes 

were developed with 3,3′-Diaminobenzidine 

(DAB)/H2O2. 

Statistical analysis. All results are presented as the 

mean ± standard error of the mean (SEM) of data from at 

least three independent experiments. Statistical 

significance was determined using one-way analysis of 

variance (ANOVA), followed by Dunnett’s multiple-

comparison test. The differences were considered 

statistically significant at P < 0.05. GraphPad Prism 

version 8 software (https://www.graphpad.com/) was 

used for all analyses. 

Ethical considerations. In this study, bacterial strains 

and in vitro assays did not involve human or animal 

subjects, so approval from an ethics committee was not 

required. All procedures were conducted in accordance 

with institutional guidelines for laboratory research. 

 

RESULTS  

The potential of EB211 and EB279 as cationic 

antimicrobials. We hypothesized that the EB211 and 

EB279 scFvs exert their antibacterial activity as cAMPs 

by interacting with negatively-charged LPS in the outer 

membranes of Gram-negative bacteria, leading to 

destabilization and permeabilization of the membrane [3-

5, 25]. To this end, the amino acid sequence of both 

scFvs was assessed in the ProtParam tool on the ExPASy 

bioinformatics website. It has been shown that EB211 

and EB279 have an isoelectric point (pI) of 9.37 and 

9.14, respectively, due to the presence of positively 

charged residues (arginine and lysine) [1]. The negative 

grand average of hydropathicity (GRAVY) values 

showed that none of the complementarity-determining 

regions (CDRs) had a hydrophobic nature. The CDRs of 

EB211 and EB279 were also assessed in the 

Antimicrobial Peptide Database (APD), and no matches 

were identified. However, the addition of MgSO4 (20 

mM) could completely inhibit the antibacterial activity 

of EB211, EB279, and CS against A. baumannii ATCC 

19606, A.b.56, A.b.58, and P. aeruginosa ATCC 27853 

(Figures 1-4). Moreover, although EB211 and EB279 

lost their growth inhibitory activity against K. 

pneumoniae ATCC 700603, imipenem maintained its 

antibacterial effect in the presence of a high 

concentration of Mg
+2 

(Figure 5).  

Targeting A. baumannii proteins with EB211 and 

EB279. To investigate whether EB211 and EB279 also 

interact with A. baumannii envelope proteins, a peptide-

expressing phage display library (Ph.D.
TM

-C7C Phage 

Display Peptide Library) was enriched against these 

scFvs. The enrichment led to the isolation of eight phage 

clones. After sequencing, among four phage clones 

related to EB211, two clones showed a mutual sequence 

(-CLRSPDRSC-; 50%), and the rest encoded a peptide 

sequence (-CIQSPRHTC-; 50%). All four clones related 

to EB279 presented a peptide sequence (-CTNIPVGTC-; 

100%). Three peptide sequences were analyzed in the 

MimoDB database, and the data demonstrated that all 

peptides were true target binders. Next, the sequences 

were subjected to a BLASTp against the NCBI protein 

database for A. baumannii. The proteins that scored 

above 18 were selected for further evaluation in the 

UniProt database. Among the proteins identified as 

having the EB211-specific peptide, -CIQSPRHTC-, were 

ATP-binding cassette (ABC) transporters, the efflux 

resistance-nodulation-division (RND) transporter 

permease subunit, and the type IV pilin protein. A 

second EB211-specific peptide, -CLRSPDRSC-, was 

also found in proteins such as ABC transporters, the 

OprD family outer membrane porin, and the 

mechanosensitive ion channel family protein.  

Last but not least, the penicillin-binding protein 

(PonA), the major facilitator superfamily (MFS) 

permease, the TonB family C-terminal domain protein, 

the type IV pilus modification protein PilV, and the 

RND type efflux pump were among the proteins with the 

highest scores, anticipated from blasting the peptide 

related to EB279 (-CTNIPVGTC-) and considered to be 

the target proteins of EB279.   

To determine the candidate A. baumannii proteins, the 

reactions of EB211 and EB279 with the total membrane 

extract of A. baumannii A.b.56 and the cell wall extract 

of S. aureus S.a.124 were assessed by SDS-PAGE and 

immunoblotting (Figure 6A and B).  

As illustrated in Figure 6B, EB211 detected a sharp 

band around 50 kDa, close to the molecular weight of the 

OprD family outer membrane porin (49.1 kDa) predicted 

from the EB211-specific peptide (-CLRSPDRSC-). 

Furthermore, EB279 identified a single band around 25 

kDa, close to the molecular weight of the TonB family 

protein (TonB family C-terminal domain) (24.4 kDa) 

predicted from the EB279-specific peptide (-

CTNIPVGTC-) (Figure 6B).  
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Fig. 1. Antibacterial activity of EB211 and EB279 against A. baumannii ATCC 19606 was nullified in the presence of a high 

concentration of Mg2+. (A) Microtiter plate assay. A. baumannii ATCC 19606 (OD600   0.02) was incubated with EB211 (200 

µg/mL), EB279 (200 µg/mL), colistin sulfate (CS) (1 µg/mL), or phosphate-buffered saline (PBS) in the absence or presence of 20 

mM MgSO4 for 20 hours. The growth was monitored by reading the optical density at 600 nm every hour for 10 hours and after 20 

hours. The effect of EB211, EB279, and CS on the growth curve of A. baumannii ATCC 19606 disappeared in the presence of 20 

mM MgSO4. (B) Agar plate assay. A. baumannii ATCC 19606 (OD600      ) was incubated with EB211 (200 µg/mL), EB279 (200 

µg/mL), CS (1 µg/mL), or PBS in the absence or presence of 20 mM MgSO4 for five hours. At 30 min and five hours of incubation, 

the mixtures were plated on LB agar, followed by the enumeration of colonies grown after 18 hours of incubation at 37°C. At a high 

concentration of Mg2+, EB211, EB279, and CS were ineffective against A. baumannii ATCC 19606. The results represent the mean ± 

standard error of the mean (SEM) of three independent experiments run in triplicate. Statistical significance was determined by one-

way analysis of variance (ANOVA) for each time point, followed by Dunnett’s multiple-comparison test against the PBS control 

group.
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Fig. 2 Antibacterial activity of EB211 and EB279 against A. baumannii A.b.56 was abrogated in the presence of a high concentration 

of Mg2+. (A) Microtiter plate assay. A. baumannii A.b.56 (OD600   0.02) was incubated with EB211 (200 µg/mL), EB279 (200 

µg/mL), colistin sulfate (CS) (1 µg/mL), or phosphate-buffered saline (PBS) in the absence or presence of 20 mM MgSO4 for 20 

hours. The growth was monitored by reading the optical density at 600 nm every hour for 10 hours and after 20 hours. The effect of 

EB211, EB279, and CS on the growth curve of A. baumannii A.b.56 disappeared in the presence of 20 mM MgSO4. (B) Agar plate 

assay. A. baumannii A.b.56 (OD600   0.02) was incubated with EB211 (200 µg/mL), EB279 (200 µg/mL), CS (1 µg/mL), or PBS in 

the absence or presence of 20 mM MgSO4 for five hours. At 30 min and five hours of incubation, the mixtures were plated on LB 

agar supplemented with imipenem, followed by the enumeration of colonies grown after 18 hours of incubation at 37°C. At a high 

concentration of Mg2+, EB211, EB279, and CS were ineffective against A. baumannii A.b.56. The results represent the mean ± 

standard error of the mean (SEM) of three independent experiments run in triplicate. Statistical significance was determined by one-

way analysis of variance (ANOVA) for each time point, followed by Dunnett’s multiple-comparison test against the PBS control 

group.
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Fig. 3 Antibacterial activity of EB211 and EB279 against A. baumannii A.b.58 was negated in the presence of a high concentration 

of Mg2+. (A) Microtiter plate assay. A. baumannii A.b.58 (OD600   0.02) was incubated with EB211 (200 µg/mL), EB279 (200 

µg/mL), colistin sulfate (CS) (1 µg/mL), or phosphate-buffered saline (PBS) in the absence or presence of 20 mM MgSO4 for 20 

hours. The growth was monitored by reading the optical density at 600 nm every hour for 10 hours and after 20 hours. The effect of 

EB211, EB279, and CS on the growth curve of A. baumannii A.b.58 disappeared in the presence of 20 mM MgSO4. (B) Agar plate 

assay. A. baumannii A.b.58 (OD600   0.02) was incubated with EB211 (200 µg/mL), EB279 (200 µg/mL), CS (1 µg/mL), or PBS in 

the absence or presence of 20 mM MgSO4 for five hours. At 30 min and five hours of incubation, the mixtures were plated on LB 

agar supplemented with imipenem, followed by the enumeration of colonies grown after 18 hours of incubation at 37°C. At a high 

concentration of Mg2+, EB211, EB279, and CS were ineffective A. baumannii A.b.58. The results represent the mean ± standard error 

of the mean (SEM) of three independent experiments run in triplicate. Statistical significance was determined by one-way analysis of 

variance (ANOVA) for each time point, followed by Dunnett’s multiple-comparison test against the PBS control group.
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Fig. 4 Antibacterial activity of EB211 and EB279 against P. aeruginosa ATCC 27853 was nullified in the presence of a high 

concentration of Mg2+. (A) Microtiter plate assay. P. aeruginosa ATCC 27853 (OD600      ) was incubated with EB211 (200 

µg/mL), EB279 (200 µg/mL), colistin sulfate (CS) (1 µg/mL), or phosphate-buffered saline (PBS) in the absence or presence of 20 

mM MgSO4 for 20 hours. The growth was monitored by reading the optical density at 600 nm every hour for 10 hours and after 20 

hours. The effect of EB211, EB279, and CS on the growth curve of P. aeruginosa ATCC 27853 disappeared in the presence of 20 

mM MgSO4. (B) Agar plate assay. P. aeruginosa ATCC 27853 (OD600   0.02) was incubated with EB211 (200 µg/mL), EB279 (200 

µg/mL), CS (1 µg/mL), or PBS in the absence or presence of 20 mM MgSO4 for five hours. At 30 min and five hours of incubation, 

the mixtures were plated on LB agar, followed by the enumeration of colonies grown after 18 hours of incubation at 37°C. At a high 

concentration of Mg2+, EB211, EB279, and CS were ineffective against P. aeruginosa ATCC 27853. The results represent the mean 

± standard error of the mean (SEM) of three independent experiments run in triplicate. Statistical significance was determined by 

one-way analysis of variance (ANOVA) for each time point, followed by Dunnett’s multiple-comparison test against the PBS control 

group.
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Fig. 5 Antibacterial activity of EB211 and EB279 against K. pneumoniae ATCC 700603 was nullified in the presence of a high 

concentration of Mg2+. (A) Microtiter plate assay. K. pneumoniae ATCC 700603 (OD600      ) was incubated with EB211 (200 

µg/mL), EB279 (200 µg/mL), imipenem (IMP) (0.125 µg/mL), or phosphate-buffered saline (PBS) in the absence or presence of 20 

mM MgSO4 for 20 hours. The growth was monitored by reading the optical density at 600 nm every hour for 10 hours and after 20 

hours. The effect of EB211 and EB279 on the growth curve of K. pneumoniae ATCC 700603 disappeared in the presence of 20 mM 

MgSO4, while IMP sustained its growth inhibitory effect. (B) Agar plate assay. K. pneumoniae ATCC 700603 (OD600   0.02) was 

incubated with EB211 (200 µg/mL), EB279 (200 µg/mL), IMP (0.125 µg/mL), or PBS in the absence or presence of 20 mM MgSO4 

for five hours. At 30 min and five hours of incubation, the mixtures were plated on LB agar, followed by the enumeration of colonies 

grown after 18 hours of incubation at 37°C. At a high concentration of Mg2+, EB211 and EB279 were ineffective against K. 

pneumoniae ATCC 700603. In contrast, IMP was effective against K. pneumoniae ATCC 700603. The results represent the mean ± 

standard error of the mean (SEM) of three independent experiments run in triplicate. Statistical significance was determined by one-

way analysis of variance (ANOVA) for each time point, followed by Dunnett’s multiple-comparison test against the PBS control 

group. 
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Fig. 6 EB211 and EB279 interacted with membrane proteins of A. baumannii but not with cell wall proteins of S. aureus. (A) SDS-

PAGE. The total membrane extract (TM) of A. baumannii A.b.56 and the cell wall extract (CW) of MRSA S.a.124 were run on a 

12% SDS-PAGE gel. (B) Immunoblotting. The proteins electrophoretically transferred from an SDS-PAGE gel to the PVDF 

membranes were incubated with EB211 or EB279, followed by mouse anti-human scFv polyclonal antibody and goat anti-mouse 

IgG-horseradish peroxidase (HRP)-conjugated antibody. Lane M: protein molecular weight marker.
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DISCUSSION 

The outer membrane of Gram-negative bacteria is a 

semi-permeable barrier that makes it difficult for some 

therapeutic agents to penetrate [26]. In our previous 

studies, we found two scFvs, EB211 and EB279, 

demonstrating growth inhibitory activity against A. 

baumannii [1, 18]. Interrupting the integrity of the cell 

wall and binding to vital macromolecules are the two 

most imperative mechanisms taken by antimicrobial 

scFvs to inhibit the growth of bacteria [4, 15, 27]. To 

find the mechanism of inhibitory activity of EB211 and 

EB279, three A. baumannii strains (A. baumannii ATCC 

19606, A.b.56, and A.b.58) were treated with the scFv in 

the presence of a high concentration of Mg
+2

 [28]. Based 

on the results, the scFvs and CS lost their antibacterial 

activity against A. baumannii in the presence of Mg
+2

. It 

has been demonstrated that the bactericidal activity of 

cationic AMPs is interrupted in the presence of a high 

concentration of divalent cations (e.g. Mg
2+

), competing 

with AMPs for binding to the LPS layer [5, 29-32]. 

Smart et al. found that as the concentration of Mg
2+ 

increased, all binding sites were occupied by Mg
2+

, and 

the binding of AMPs to the LPS was disturbed [5]. The 

activity of EB211, EB279, and CS was negated entirely 

at a high concentration of Mg
2+

. Indeed, Mg
+2

,
 
at high 

concentration,
 

enhanced the rigidity of the outer 

membrane and interfered in the interaction of EB211, 

EB279, and CS with the lipooligosaccharide (LOS) layer 

[5, 29-33], leading to the inefficiency of the scFvs and 

the antibiotic against A. baumannii. Therefore, we 

inferred that anti-A. baumannii scFvs (with net positive 

charges due to the existence of basic residues) disrupted 

the outer membrane by displacing Mg
2+

 from the LOS, a 

process similar to that observed by colistin against 

Gram-negative bacteria [34]. In parallel to this, we found 

in our previous study that three anti-S. aureus scFvs 

(MEH63, MEH158, and MEH183) lost their activity 

against S. aureus in the presence of high concentrations 

of Mg
+2

, whereas vancomycin maintained its bactericidal 

activity [4]. It should be noted that MEH63, MEH158, 

and MEH183 were able to recognize certain S. aureus 

proteins, including the TrkH family potassium uptake 

protein (detected by MEH63), as well as PgeF and lpl8 

(detected by both MEH158 and MEH183) [4]. As a 

result, we concluded that anti-S. aureus scFvs exert their 

antibacterial effects by disturbing the integrity of the cell 

wall and interrupting the activity of some S. aureus 

proteins [4]. In this regard, we investigated to identify A. 

baumannii proteins that might be recognized by EB211 

and EB279. Epitope mapping indicated that EB211 

likely binds to ABC transporters, the efflux RND 

transporter permease subunit, the type IV pilin protein, 

the OprD family outer membrane porin, and the 

mechanosensitive ion channel family protein of A. 

baumannii. Based on the results, EB279 may also bind 

to certain A. baumannii proteins, including the PonA, the 

MFS permease, the TonB family C-terminal domain 

protein, the type IV pilus modification protein PilV, and 

the RND type efflux pump. Notably, all predicted 

proteins are critical to the viability of A. baumannii as 

well as its resistance to antibiotics [9, 10, 35-46]. To this 

end, EB211- and EB279-specific candidate targets were 

assessed with immunoblotting. The western blot results 

suggested that EB211 and EB279 interact with the OprD 

and TonB proteins of A. baumannii, respectively. The 

involvement of OprD in nutrient uptake and its 

membrane abundance allow A. baumannii to bypass the 

nutritional immunity imposed by the host, resulting in 

colonization, biofilm formation, and pathogenesis [9, 35, 

36, 47, 48]. It was demonstrated by Catel-Ferreira et al. 

that A. baumannii OprD, similar to P. aeruginosa OprQ, 

plays an important role in the capture of Mg
2+

 and Fe
3+

 

and that it helps the bacteria survive in Mg
2+

 and Fe
3+

 

restricted environments [35]. However, there are 

contradictory studies about the role of OprD (renamed to 

outer membrane carboxylate channel AB1; OccAB1) in 

the viability and antibiotic resistance of A. baumannii [9, 

35-38, 47-52]. The studies by Catel-Ferreira et al. [35] 

and Smani and Pachon [49] showed that OprD did not 

affect the susceptibility of A. baumannii to carbapenems. 

Nevertheless, several studies reported the uptake of 

imipenem by A. baumannii OprD [48, 50] and the low 

expression of OprD in the MDR and PDR A. baumannii 

strains [36, 38, 51, 52]. The study by Cabral et al. 

showed that the ΔoprD-like mutant of A. baumannii 

ATCC 17978 developed looser and smaller aggregates 

than the parent strain [47].  Furthermore, a novel outer 

membrane protein of the OprD family was found to 

contribute directly to the virulence of CRAB isolates (the 

ST2/KL22 clone) [9]. Their results indicated the lower 

pathogenicity of the hypervirulent DT-Ab057 ΔoprD 

mutant, leading to less mortality in infected mice 

(mortality 50%) compared to mice infected with the 

wild-type strain (mortality 90%) at 40 hours after 

challenge [9]. Therefore, they suggested that if the 

function of OprD was interrupted by agents such as 

antibodies, A. baumannii virulence might decrease with 

no unwanted impacts on the host microbiota [9].  

The EB279 scFv may bind A. baumannii TonB, as 

indicated by the results. In most Gram-negative bacteria, 

the TonB-ExbB-ExbD energy transducing system 

facilitates the trafficking of ferric-siderophore, zinc, 

nickel, vitamin B12, colicin, bacteriophages (e.g.  80 

and T1), and carbohydrates (e.g. maltose) from the outer 

membrane to the inner membrane [10, 39-41, 53-57]. 

The C-terminal domain of TonB interacts with the 

TonB-box of the TonB-dependent transporter on the 

outer membrane [39, 53, 58]. In the study by Torres et 

al., it was found that the ΔtonB mutant of uropathogenic 

Escherichia coli (UPEC) strain CFT073 had a lower 

ability to infect the kidneys of mice with ascending 

urinary tract infection than the wild-type CFT073 [59]. 

Of note, Yep et al. identified two small molecules 

(120304 and 175472) showing no inhibitory effect on the 

growth of the CFT073 mutant lacking TonB. Both 

molecules exhibited inhibitory activity against the
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mutant complemented with pBAD-TonB [57]. 

Moreover, 120304 prevented the adsorption of 

bacteriophages  80 to E. coli MG1655. They concluded 

that these molecules inhibited UPEC by targeting TonB 

[57]. In another study, Zimbler et al. found three distinct 

TonB proteins (TonB1, TonB2, and TonB3) in A. 

baumannii ATCC 19606
T
 involved in iron uptake and 

host-pathogen interaction [60]. In this regard, the EB211 

and EB279 scFvs may have marked effects on the 

survival and pathogenicity of A. baumannii in the host 

by targeting OprD and TonB, respectively. There have 

been several reports of scFvs with direct antibacterial 

activity by interfering with the function of 

macromolecules involved in the survival or pathogenesis 

of bacteria [15, 17, 20]. LaRocca et al. demonstrated that 

an scFv, generated from a mouse IgM mAb (CB515) 

specific to the variable small protein of relapsing fever 

Borrelia, exerted its antibacterial activity in a CDC-

independent manner [17]. Indeed, the direct bactericidal 

activity of the CB515 scFv resided in its variable 

domains, which by specific binding to the variable small 

protein of relapsing fever Borrelia, caused damage in the 

outer membrane, followed by bacterial lysis [17]. In the 

studies by Xie et al. [20] and Richard et al. [15], it was 

demonstrated that an scFv, generated from a fully human 

mAb against the O-specific antigen of P. aeruginosa 

O6ad, had direct antibacterial activity against P. 

aeruginosa O6ad without aiding the immune system 

cells or complement. Together, the data emphasize that 

EB211 and EB279 inhibited the growth of A. baumannii 

mainly by disrupting the outer membrane, which might 

be followed by binding to and interfering with the 

biological activity of some macromolecules present on 

the membrane of A. baumannii, including OprD and 

TonB. Further analysis is required to confirm the latter.  

In addition to A. baumannii, two other Gram-negative 

opportunistic pathogens, including K. pneumoniae and P. 

aeruginosa, have attracted worldwide attention because 

of the life-threatening problems that they cause in the 

medical and health systems [1]. Our previous study 

indicated that EB211 and EB279 had partially growth 

inhibitory effects on K. pneumoniae and P. aeruginosa 

but not on S. aureus [1]. Therefore, the antibacterial 

activity of EB211 and EB279 against K. pneumoniae and 

P. aeruginosa was assessed in the presence of 20 mM 

MgSO4, in which both scFvs lost their antibacterial 

activity similar to colistin. Indeed,
 
positively charged 

EB211 and EB279 inhibited the growth of K. 

pneumoniae and P. aeruginosa by perturbing the outer 

membrane. The structural similarity between the cell 

envelopes of A. baumannii, K. pneumoniae, and P. 

aeruginosa, but not MRSA, might explain why EB211 

and EB279 inhibited their growth. 

The EB211 and EB279 scFvs disrupted the outer 

membrane by displacing Mg
+2

, inhibiting Gram-negative 

bacteria growth in this study. It is important to note that 

although EB211 displayed stronger growth inhibition 

than EB279 in all assays, a cocktail of these two scFvs 

demonstrated significant antibacterial activity against A. 

baumannii in previous studies. Considering that EB211 

and EB279 inhibited the growth of A. baumannii in vitro 

and demonstrated therapeutic efficacy in an 

immunocompromised mouse model of pneumonia, it 

may be considered to treat patients with A. baumannii 

infections using these fully human scFvs in combination 

with conventional antibiotics in a positive manner. 
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