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Abstract
Acinetobacter baumannii is an important pathogen responsible for nosocomial infections worldwide. Trimeric autotrans-
porters, the obligate homotrimeric adhesins, are involved in adherence of bacterial cells to various surfaces. These sorts of 
adhesins were shown to be expressed by A. baumannii. Trimeric autotransporters are modular virulence factors, contain-
ing numerous domains and structural architectures. The better understanding of the sequence and structural features of 
virulence factors are crucial in designing new therapeutic strategies. In this regard, with the aid of reliable in silico tools 
and the concept of “inherence through homology”, some sequence and structural features of  AtaA.baumannii were unveiled. 
Domain architectures such as the position of repetitive modules, and coiled-coils, along with the prediction of tertiary and 
quaternary structures, allows us to define some important landscapes of  AtaA.baumannii virulence factor. In addition, through 
CLANS analysis of TAA sequences of Moraxellaceae family, it was concluded that Ata contains several conserved of 
structural blocks of TAAs. The protein is initiated with extended signal peptide region, a stalk of several head domains and 
a membrane anchoring region. The globular heads are connected to each other by neck mediators and coiled-coil regions. 
Several fibronectin and collagen binding sites were defined within the structures. Minimal and maximal frustrated contacts 
are distributed within the structure of Ata, which suggest both the flexibility and toughness. These are come together for 
creating an efficient adhesin which is able to bind and bend through multiple sites. The protein could be great target for 
designing new vaccines or anti-virulence drug.
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Introduction

Acinetobacter baumannii is a gram-negative, non-fermen-
tative coccobacillus, belonging to Moraxellaceae family. A. 
baumannii has recently been emerged as a serious health 
threat, especially in health care units all over the world. The 
related infections are mostly acquired in hospital settings; 
however, several reports showed the occurrence of infections 
in non-hospital environments (Martín-Aspas et al. 2018). 
Respiratory tract infections, especially in those patients need 
ventilators, are common. However, the pathogen is able to 
infect multiple anatomic sites (Harding et al. 2018) such 
as urinary tract, skin, and soft tissue (Jahangiri et al. 2018; 
McConnell et al. 2013).

The most important property of A. baumannii is related 
to its great ability to resist multiple antibiotics (Hsu et al. 
2017). The other mentionable property of the bacterium 
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is its fortitude to survive in harsh environments for a long 
period of time (Rodríguez-Baño et al. 2009).

Despite their high economic burden and the significant 
reduction in the health-related quality of life of the infected 
patients, there is no unique virulence factor ascribed to A. 
baumannii infections (Harding et al. 2018). Expression of 
complicated regulatory circuitry (Wood et al. 2018), versa-
tile metabolic pathways (Imperi et al. 2011), biofilm forma-
tion (De Gregorio et al. 2015) and extraordinary ability to 
obtain alien genes (Marchaim et al. 2017) are among the 
mechanisms assisting the organism to persist in harsh envi-
ronments or initiating the infection.

Among the few virulence factors, trimeric autotransport-
ers (TAAs) are notable which were first introduced in the 
clinical strains of A. baumannii (Bentancor et al. 2012).

These virulence factors are obligate homotrimers, involv-
ing in adhesion of bacterial cells to various surfaces (Cot-
ter et al. 2005); although they are disparate in domains and 
sequence lengths, the architecture of TAAs generally obeys 
a simple rule of N-terminal signal peptide, stalk or passenger 
domain, and a C-terminal membrane anchoring pore (Linke 
et al. 2006). The term of autotransporter is coined for the 
sort of such adhesins due to the special property of outer-
membrane pore or translocator domain, to secrete the rest 
of unfolded chains. The process is initiated after the trans-
location of protein chains from the cytoplasm to the peri-
plasm, where the translocator domain is inserted to the outer 
membrane with the aid of the β-barrel assembly machinery 
complex (Schneewind and Missiakas 2014) and projects the 
passenger to the extracellular environment.

AtaA. baumannii, a TAA of A. baumannii strain ATCC 
17978, possesses multiple functions, which are contrib-
uted to the multiple domains with intrinsic structures. The 
adhesin is implemented in adherence of the bacterium to 
surface components of host epithelial cells like fibronec-
tin and collagen (Weidensdorfer et al. 2016); therefore, it 
involves in the infection onset and promoting in vivo biofilm 
formation. The other homolog of TAA has been found in 
Acinetobacter sp. Tol5 (Koiwai et al. 2016) which has been 
shown to be essential in high adhesiveness of the bacterium 
to abiotic surfaces.

Adhesins play central roles in the virulence process, thus 
identification and characterization of these virulence factors 
are essential to determine the functional properties of the 
target protein, to develop preventive and/or therapeutic strat-
egies (Czibener and Ugalde 2012) and provide opportunities 
for designing new drug targets. In addition, the initial step 
in understanding the host–pathogen interaction, the objec-
tive of molecular infection biology (Diard and Hardt 2017), 
is determining the structure of virulence factors and their 
properties. In recent years several members of TAAs have 
been identified with extensive detail. As crystal structures 
were solved for many domains of TAAs, it becomes possible 

to identify the domains of new members by homology mod-
eling approach.

By clustering the sequences of TAAs, related to Morax-
ellacea family it was shown that  AtaA. baumannii comprises 
several common domains of TAAs. These common 
domains appear to be conserved in Acinetobacter spe-
cies, thus we pierce into the structure of these prototypic 
blocks of  AtaA. baumannii inferring from the homology mod-
eling approach (Lee et al. 2007). According to the obtained 
results, it is suggested that these traits could be extended to 
most TAAs of the Acinetobacter genus.

Methods

Data Sources

Sequences were obtained from Uniprot knowledge base 
(Consortium 2017) and Interpro (Finn et al. 2017), the Pro-
tein sequence analysis and classification resource. Sequences 
were collected in CLC sequence viewer 8 (Workbench, Bio 
2017) for primary edition and further analyses.

Clustering the TAAs of Moraxellaceae Family

Membrane anchoring region could be used for demarcat-
ing the family, thanks to its conservancy across all TAAs 
(Bassler et al. 2015; Rahbar et al. 2019). Therefore, in the 
present study, the transmembrane region was served as a 
query for extracting available sequence data InterPro (Finn 
et al. 2017) database by querying the YadA like membrane 
anchoring domain (IPR005594). The extracted sequences, 
including 551 sequences, were clustered by CLANS soft-
ware (Frickey and Lupas 2004) employing the all-against-all 
BLAST approach at https ://toolk it.tuebi ngen.mpg.de (Alva 
et al. 2016).

Sequence‑based Analysis of  AtaA. baumannii

The full-length sequence of  AtaA. baumannii (under UniProtKB 
accession number of A3M3H0) was analyzed for determin-
ing any repeat module and low complexity regions by Dotlet 
software at https ://dotle t.vital -it.ch. Repetitive modules were 
also searched within the primary sequence of  AtaA.baumannii 
by the HHrepId (Biegert and Söding 2008) at https ://toolk 
it.tuebi ngen.mpg.de (Alva et al. 2016). Signal peptide and 
cleavage site locations were evaluated by SignalP Ver. 
4 (Petersen et al. 2011) server at http://www.cbs.dtu.dk. 
Locations of coiled-coil regions were defined by wagga-
wagga (Simm et al. 2015) at http://wagga wagga .motor prote 
in.de; the server implemented six external tools to extract 
the coiled-coil regions. All alignments were generated by 

https://toolkit.tuebingen.mpg.de
https://dotlet.vital-it.ch
https://toolkit.tuebingen.mpg.de
https://toolkit.tuebingen.mpg.de
http://www.cbs.dtu.dk
http://waggawagga.motorprotein.de
http://waggawagga.motorprotein.de
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MUSCLE algorithm (Edgar 2004), implemented in CLC 
sequence viewer ver 8.

Structure‑Based Analyses

Secondary Structure Prediction

Secondary structure prediction of  AtaA. baumannii was based on 
two software tools viz. RaptorX (Wang et al. 2016) at http://
rapto rx.uchic ago.edu and PSIPRED (McGuffin et al. 2000) 
at http://globi n.bio.warwi ck.ac.uk/psipr ed/. Additionally, a 
batch analysis for predicting the secondary structures of all 
TAAs of Acinetobacters was conducted by RaptorX.

Tertiary Structure Prediction

A multistep approach was employed for building the ter-
tiary structures; briefly, the true available structural tem-
plates, homolog to the specific portions of the sequence were 
selected; the structural homologs were served as templates 
for building multiple monomers by homology modeling; the 
best-qualified monomers were selected for further refine-
ment processes; and finally, monomeric structures were used 
for superimposing to a quaternary structure.

In order to find homologous sequences with known struc-
tures, pairwise query-template sequence alignments, based 
on a comparison of profile hidden Markov models (HMMs) 
was done by HHpred (Söding et al. 2005) against alignment 
databases, (these are Pfam and SMART (Letunic and Bork 
2017)).

True homologs were defined as structures with probabil-
ity parameter of 95% or greater (the probability parameter, 
which provided by the server, should be 95% or greater for 
a template structure for being homologous to the query 
sequence).

The selected templates for specific portions of 
 AtaA. baumannii were used for building the related tertiary 
structures by MODELLER (Webb and Sali 2014). The 
resulting monomeric structures were refined by ModRefiner 
(Xu and Zhang 2011) as provided by the Zhang lab at https 
://zhang lab.ccmb.med.umich .edu.

Refined monomeric structures of  AtaA. baumannii were 
submitted to the GalaxyHomomer (Baek et al. 2017) server 
at http://galax y.seokl ab.org. This server builds quaternary 
structures by homology modeling approach. The method 
was initiated by structure similarity-based approach and 
ab initio docking to build homomers. The oligomeric state 
of structures was set as 3. The built trimers underwent addi-
tional refinement based on the selected template. The overall 
quality of all models in all stages was assessed by the Mol-
Probity (Chen et al. 2010) software tool at http://molpr obity 
.bioch em.duke.edu. In each step, the best-qualified models 
were selected for further analyses.

Conservancy Through the Structures

In order to compare sequences for finding conserved resi-
dues among TAAs of Moraxellaceae, 555 sequences con-
taining YadA like C-terminal (IPR005594), which were 
extracted from Interpro database, were aligned by MUSCLE 
algorithm (Edgar 2004) at the MPI Bioinformatics server 
(Zimmermann et al. 2017). The alignment file was analyzed 
and curated by CLC-sequence viewer Ver. 8 (Workbench, 
Bio 2017). Afterward, the aligned sections corresponding 
to the predicted structures were used for mapping conserv-
ancy on the predicted tertiary structures by Protskin (Ritter 
et al. 2004).

Membrane Anchoring Region of  AtaA. baumannii

Geometrical and physicochemical properties of the mem-
brane anchoring region of the protein were analyzed and 
visualized by ChexVis (Masood et al. 2015) at http://vgl.
serc.iisc.ernet .in using default parameter settings.

For making a comparison, the sequence of membrane 
anchoring region of  AtaA. baumannii was aligned with related 
regions of ten well annotated TAAs from other genera. 
Neighbor joining tree on this alignment was also generated 
by CLC-workbench 8 and visualized by iTOL V4 (Interac-
tive Tree of Life) at https ://itol.embl.de.

Energetic State of  AtaA. baumannii Structures

Distribution of maximum and minimum frustrations was 
determined based on the frustratometer ver. 2 tool (Parra 
et al. 2016) at http://frust ratom eter.qb.fcen.uba.ar. Local 
densities of the amino acids were calculated through 
sequence separation by a distance equal to 12.

B-factors were estimated at https ://zhang lab.ccmb.med.
umich .edu by ResQ online software (Yang et al. 2016). The 
method estimated B-factor and residue-level quality in pro-
tein structures based on local variations of modeling simula-
tions and the uncertainty of homologous alignments. A set 
of homologous structures to the query structure were identi-
fied by threading and alignment techniques. Then support 
vector regression was employed for residual error reporting. 
The B-factor of models was inferred from the experimental 
records of the top homologous structures.

Results

Sequence Features of Ata

An 1873 amino acid sequence represents a trimeric 
autotransporter adhesin in Acinetobacter baumannii (strain 
ATCC 17978/CIP 53.77/LMG 1025/NCDC KC755/5377, 

http://raptorx.uchicago.edu
http://raptorx.uchicago.edu
http://globin.bio.warwick.ac.uk/psipred/
https://zhanglab.ccmb.med.umich.edu
https://zhanglab.ccmb.med.umich.edu
http://galaxy.seoklab.org
http://molprobity.biochem.duke.edu
http://molprobity.biochem.duke.edu
http://vgl.serc.iisc.ernet.in
http://vgl.serc.iisc.ernet.in
https://itol.embl.de
http://frustratometer.qb.fcen.uba.ar
https://zhanglab.ccmb.med.umich.edu
https://zhanglab.ccmb.med.umich.edu
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Uniprot Acc. No. A3M3H0). In order to understand the 
sequence features of  AtaA. baumannii, properties of signal pep-
tide, location of repeated modules and coiled-coils were 
determined.

The sequence initiated at N-terminal by an extended sig-
nal peptide region (ESPR; Interpro ID: IPR024973). The 
ESPR is divided into the conserved N-terminal charged 
domain followed by a conserved hydrophobic domain and 
a more degenerated region at carboxyl moiety (Fig. 1), con-
taining a cleavage site at Gly54 (Fig. S1). The rest of the 
sequence included a passenger block of various domains, 
which terminated in a membrane anchoring region.

Three compositional biases were observed in the 
sequence: 385-698 Gly-rich, 557-720 Ala-rich, 775-
881 Asn-rich (Fig. 2). Various repeat modules were also 
observed in several regions of the sequence, mainly the 
N-terminus region of the protein (Fig. 2). The identified 
domains at the Pfam database were listed in Table 1.

Several coiled-coil regions were detected within 
 AtaA. baumannii sequence (Table 2), which were different 
in length and heptad periodicity; well-defined motives of 
coiled-coils such as IxxNTxx (where x is any amino acid) 
were also observed. A sample of coiled-coil regions and 
Asparagine at the fourth position of heptad coiled-coil 
(N@d) is illustrated in Fig S2.

Structural Features

Secondary Structure Predictions

Secondary structure of the protein was predicted from 
its amino acid sequence to get insight into the overall 

structural properties of the protein. The predicted second-
ary structure components were also employed for control-
ling the quality of tertiary structures at the next stage. 

Fig. 1  Extended signal peptide region (ESPR) properties. Visuali-
zation of alignment of 423 ESPR sequences from Pfam with Alvis, 
sequences are presented as blue bundles, the red line represents the 

ESPR portion of Ata sequence. All amino acids are sorted based on 
the guide bar on the left. Polarity and hydrophobicity of sequences 
are evident in the image

Fig. 2  Dot plot matrix of residues in the Ata whole sequence. The 
protein sequence (Ata) is compared to itself via DOTLET using the 
Blosum62 matrix, with a sliding window of 15 amino acids. Symmet-
ric lines forming a square box along the central diagonal indicate the 
sub-repeats related to two head domains (120–736). The other square 
(780–1100) indicates the sub-repeats related to GANG and GIN 
domains. The rest (1103–1773) shows the repeating modules lie on 
the C-terminal moiety of Ata representing different sizes and num-
bers of repeats
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The majority of secondary structure components were pre-
dicted to be coil (66%). The extended strand in the beta 
ladder is the other component of secondary structure for 
 AtaA. baumannii (23%). The other abundant secondary struc-
ture for the protein was alpha helixes, which comprised 
up to 10% of the whole sequence (Fig. S3). The similar 
ratio of secondary structure components was achieved 
through batch analysis of TAAs of Acinetobacters, imply-
ing an overall regularity in the structures of TAAs in 
Acinetobacters.

Structure Prediction

To determine the overall architecture of  AtaA. baumannii, 
the protein sequence was viewed at Interpro and Pfam 
(Table 1). To find the location of the most conserved struc-
tural blocks, an all-against-all BLAST approach was done. 
All available TAAs of Moraxellacea family were blasted 
for clustering and for outlining the distribution of high-
scoring segment pairs (HSPs) across the  AtaA. baumannii 
sequence. The distribution of HSPs showed the conserv-
ancy of two N-terminal head domains, neck connectors, 
and coiled-coil regions respectively (Fig. 3). Suggesting 
that these domains are conserved in Moraxellaceae family. 

Table 1  A pfam view of 
 AtaA. baumannii

Domain Start End Gathering threshold 
(bits)

Score (bits) E-value

Sequence Domain Sequence Domain Sequence Domain

ESPR 1 24 20 20 39.9 38.6 1.00E−06 2.60E−06
YadA_head 190 215 20.2 20.2 185.6 32.5 2.90E−52 0.00032
YadA_head 239 265 20.2 20.2 185.6 26 2.90E− 52 0.034
YadA_head 267 293 20.2 20.2 185.6 23.9 2.90E−52 0.16
YadA_head 295 321 20.2 20.2 185.6 20.2 2.90E−52 2.2
YadA_stalk 352 389 25 10 174.6 25.8 1.30E−48 0.041
YadA_head 459 483 20.2 20.2 185.6 23 2.90E−52 0.3
YadA_head 585 611 20.2 20.2 185.6 21.8 2.90E−52 0.73
YadA_head 661 687 20.2 20.2 185.6 20.4 2.90E−52 1.9
YadA_stalk 748 790 25 10 174.6 34.4 1.30E−48 8.50E−05
YadA_stalk 967 1009 25 10 174.6 33.6 1.30E−48 0.00014
YadA_stalk 1176 1218 25 10 174.6 30.3 1.30E−48 0.0016
YadA_stalk 1231 1274 25 10 174.6 20 1.30E−48 2.6
YadA_stalk 1370 1414 25 10 174.6 21 1.30E−48 1.3
YadA_stalk 1547 1586 25 10 174.6 32.4 1.30E−48 0.00034
YadA_stalk 1615 1659 25 10 174.6 38.6 1.30E−48 4.00E−06
YadA_stalk 1698 1743 25 10 174.6 16.2 1.30E−48 41
YadA_anchor 1812 1871 22.7 22.7 32.3 32.3 0.00032 0.00032

Table 2  Coiled-coil regions, 
hydrophobic residues at 
heptods, and sequence patterns 
of coiled-coil regions

Start and end position Hydrophobic residues on heptads Sequence pat-
terns of coiled 
coil motives

774–877 N@d, D@g, D@g, T@g [VI]
xxNTxx(2), 
QxxDxxx 
(4), Txx[IV]
xxN

976–1087 T@d, D@g, D2 g, S@g QxxDxxx(4)
1191–1218 K@g N/A
1285–1312 N/A N/A
1643–1670 N/A N/A
1754–1813 V@d N/A
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The tripartite block of Trip-ring-GIN-Neck was also found 
to be abundant in all TAAs; this block is repeated three 
times within  AtaA. baumannii sequence (Fig. 4). Therefore, we 
attempted to build tertiary structures for aforesaid struc-
tural blocks.

Since different domains of the sequence were in compli-
ance with various homolog structures, employing multiple 
templates for homology modeling was a rational strategy 
to build a 3D model for certain parts of  AtaA. baumannii. The 
nearly certain homolog structures to the primary sequence 
of  AtaA. baumannii (probability greater than 95%) are presented 
in Fig. 4.

The most related structures were UspA1adhesin from 
Moraxella catarrhalis (PDB ID: 3pr7) (Agnew et al. 2011) 
for the head domains, AtaA C-terminal stalk from Acine-
tobacter sp. Tol 5 (PDB ID: 3wpa) and AtaA N-terminal 
half of C-terminal stalk from Acinetobacter sp. Tol 5 (PDB 
ID: 3wpr) (Koiwai et al. 2016) for the stalk, and Hia, a Tri-
meric Autotransporter from Haemophilus influenzae (PDB 
ID: 3emo) for the membrane anchoring region (Meng et al. 
2006) (Table 3).

As illustrated in Fig. 4, two similar head domains are 
located after ESPR and are separated by coiled-coil regions. 
A trimer stalk (approximately 1050 amino acids long each 
monomer), is responsible for projecting globular head 
domains from a membrane barrel which is located at C ter-
minus and contains 54 amino acids (each monomer). The 
stalk contains 4 GIN domains of ~ 50 amino acid long, three 
FGG motifs, two YDD domains, and a single DALL domain. 
Conserved residues were seen all over the structures, espe-
cially within membrane barrel and coiled-coils (Fig. 5). The 
head domains are globally similar to head domains of other 
TAAs, especially UspA (Agnew et al. 2011) which is com-
posed of 14 repeat modules that make ladders of beta helices 
and all together construct a left-handed beta roll. These glob-
ular domains transit to some narrower structures (coiled-
coil helices) with highly conserved neck regions which bend 
downward (Fig. 5) as well as the high score of B-factors (Fig 
S4). These features imply high levels of flexibility.

Two left-handed beta roll N-terminus head domains are 
interleaved heads (Bassler et al. 2015) which run parallel to 
the fiber axis and exhibit slight structural differences. The 

Fig. 3  Clustering analysis of TAAs of Moraxellaceae family. Each 
dot represents a single protein sequence. TAA sequences are grouped 
into six distinct collections, which are shown as clouds of assigned 
brown-colored circles. BLAST high-scoring segment pairs (HSPs) 
are shown as edges connecting dots reflecting attractive forces pro-
portional to the negative logarithm of the HSP P value, proportional 

to the intensity of the gray shading for connections. The graph at 
the bottom left corner illustrates the distribution of HSPs through 
 AtaA. baumannii sequence. Red asterisks show the position of head 
domains. Green arrows are neck connectors. The higher-level HSP 
scores of mentioned segments and nearby domains is evident in the 
graph
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first N-terminal head is a bit longer and more symmetric, 
whereas the second one shows a unique protruded peptide 
610-GNKPGEG-616 at approximately half length of the 
second head domain (Fig. 6). The side chain of Proline in 
this beta-turn structure is more pronounced in the term of 
overhanging.

The other globular domains (GANG, GIN, and YDD) are 
transversal heads, perpendicular to the fiber axis; and are 
class III beta hairpins (Roche et al. 2017) that are made up 
of tandem arrays of short repeats. GANG, GIN, and YDD 
are transversal heads perpendicular to the fiber axis (Fig. 5).

Energetic States of  AtaA. baumannii Domains

To define the energetic states of structures, the distribution 
of energetic frustrations, and B-factors were determined. The 
highest amounts of frustrated interactions were condensed 
at neck connector of head domains. GIN domains and YDD 
domain also contain frustrated interactions (Fig. 5). Mini-
mally frustrated interactions were distributed all over the 
structures (green lines in Fig. 5). The minimum and maxi-
mum frustrations were in line with B-factors (the maximum 
frustrations comprised higher levels of B-factors and vice 
versa) (Fig. S4). The high level of conservancy was also 
found in the highly frustrated regions.

Properties of Membrane Anchoring Region

For making a comparison, the sequence of membrane 
anchoring region of  AtaA. baumannii was aligned with related 
regions of ten well-annotated TAAs from other genera. 
Generating a neighbor-joining tree on this alignment put 

 AtaA. baumannii in the outgroup (Fig. 7a). Hence, the primary 
sequence of membrane anchoring region of TAAs in Aci-
netobacters seems to vary from other lineages; suggesting 
an interspecies modification of this gene. A comparative 
analysis between crystal structure of membrane channel of 
Hia of H. influenzae (Meng et al. 2006) and the predicted 
structure of  AtaA.baumannii membrane barrel, was conducted to 
arrive at a better understanding of the properties associated 
with the translocator region of the protein (Fig. S5). Table 4 
shows that membrane barrel of  AtaA.baumannii is longer and 
narrower, whereas, Hia represents a wider, shorter, more 
symmetric, and regular cavity. The elongation of the pore 
of  AtaA.baumannii is mainly related to the conserved Histidine 
residue. The lining residues through the channel in both 
pores are composed of polar and charged residues. In the 
case of  AtaA. baumannii, no level of conservancy was observed 
through these lining residues (Fig. 7b), except for residues 
at the extremity of the channel.

Discussion

Trimeric autotransporters are modular proteins with com-
mon function and highly conserved structures despite dis-
similarities in primary sequences (Linke et al. 2006). For 
example, the sequences of membrane anchoring domains 
in TAAs of Acinetobacters are divergent in comparison 
with other TAAs. Slight differences in primary amino acid 
sequences may not lead to drastic differences in 3D struc-
tures and subsequently functions of the protein. This could 
be rooted in the fact that the functional characters are vol-
untarily related to the structural features of a protein rather 

Fig. 4  Schematic representation of  AtaA. baumannii. The rod graph shows the name and position of different domains, below each region structural 
homologs are presented by four-letter PDB codes, correspondingly



1276 International Journal of Peptide Research and Therapeutics (2020) 26:1269–1282

1 3

than the primary sequence. Indeed, the protein structures are 
three to ten times more conserved than sequences (Illergård 
et al. 2009).

Homology modeling approaches are reliable methods for 
predicting the tertiary (Lensink et al. 2018) and the qua-
ternary (Bertoni et al. 2017) structures of newly defined 
proteins. With a qualified structure in hand, many conclu-
sions can be made on several aspects of proteins, in fact, 
much of our knowledge about protein functions are derived 
from three dimensional structures of proteins (Lensink et al. 
2018).

Structural similarities were clearly observed in the built 
models and the previously solved structure of TAA from 
Acinetobacter Tol5 (Koiwai et al. 2016). Moreover, observ-
ing a similar ratio of secondary structure components in the 
batch analysis of Acinetobacter TAAs, suggests an overall 
regularity of these proteins, at least in Acinetobacter species.

Like ~ 10% of trimeric autotransporters (Dautin and Bern-
stein 2007),  AtaA. baumannii carries an unusually extended sig-
nal peptide (Szabady et al. 2005) (ESPR, pfam13018) (Sch-
neewind and Missiakas 2014; Szabady et al. 2005), which 
plays a pivotal role in the adaptation of the protein to Sec-
dependent secretion machinery, which translocate the pro-
tein into the periplasm. The observed conservation for the 
N-terminus domain of ESPR implies an important functional 
role for this region. In this regard, Sijbrandi et al. proposed 
co-translational targeting promotion as the functional role 
for this domain (Sijbrandi et al. 2003).

In Enterobacteriaceae, a trimeric lipoprotein is respon-
sible for translocating the unfolded chains of protein into 
the periplasm (Grin et al. 2014). The performed BLAST 
searches were unable to find any lipoprotein homologs in 
any Acinetobacter species; it seems that such lipoprotein-
like proteins are absent in Acinetobacter species, suggesting 
that distinct proteins would assist TAAs in Acinetobacters to 
translocate them into the periplasm.

The primary sequence of  AtaA. baumannii contains multiple 
repeat modules, especially in the N-terminal part. The repeat 
modules in the N-terminal of the sequence are related to 
the conserved domain of left-handed beta roll (Accession 
No. Cd12820) (Nummelin et al. 2004), the collagen-binding 
region, common in the head domain of various TAAs. A 
similar domain is well-defined in Yersinia enterocoloitica, 
YadA (Hoiczyk et al. 2000) and more closely related bacte-
rium, Muraxella catarrhalis (UspA protein) (Agnew et al. 
2011).  AtaA. baumannii, harbors two structurally similar head 
domains. The second head (from N-terminal) comprises a 
short peptide that makes a beta-turn with a proline residue 
at the tip of the protrusion. Involvement of proline in pro-
tein–protein interaction interfaces has long been studied 
(Kini and Evans 1995). Especially, the existence of proline 
in the context of beta-turn was subjected to binding affinity 
analysis due to its aromatic side chain (Bhattacharyya and Ta
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Chakrabarti 2003); the existence of proline residue has a 
positive impact on the binding affinity of the protein. Hence 
it can be expected that two N-terminal interleaved head 
domains may show different affinities or different binding 
properties.

The Trp-ring-GIN-NECK tripartite block that repeated 
three times within the architecture of  AtaA. baumannii, is 
responsible for creating the other repetitive patterns. The 
structure of this tripartite block is completely similar to 
the head of the Bartonella Adhesin, BadA (Szczesny 
et al. 2008), which is suspected to be the binding site of 
BadA to fibronectin. Inferring through homology, it can be 

accomplished that  AtaA. baumannii would be comprised of at 
least three fibronectin binding sites. Additionally, the struc-
tural components of  AtaA. baumannii are similar to N-terminal 
head and stalk of AtaA, the TAA expressed by environmen-
tal Acinetobacter species Tol5 (Koiwai et al. 2016). Thus, 
the protein may also be involved in adhesion of the bacte-
rium to abiotic surfaces (the trait that contributed to afore-
said domains of AtaA (Koiwai et al. 2016)).

One important aspect of A. baumannii lifestyle is bio-
film formation (Longo et al. 2014). Biofilm formation plays 
an essential role in the persistence of bacteria in natural 
environments (Flemming et al. 2016). In the case of A. 

Fig. 5  Conservancy and energetic level of protein structures. Ter-
tiary structures are colored based on conservancy; the higher density 
of blue color shows a higher level of conservancy. All structures are 
trimers of identical chains. Energetic frustrations are presented as 

green (minimal frustrations) and red (maximal frustrations) lines. 
Focusing of maximal frustrations in certain domains are clear within 
the structures
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baumannii, this form of life seems to be crucial in the con-
frontation of the bacterium with harsh environments (such 
as hospital settings) (Longo et al. 2014). Along with impor-
tant determinants in triggering biofilm communities by A. 
baumannii, such as OmpA (Gaddy et al. 2009) and biofilm-
associated proteins (De Gregorio et al. 2015), TAAs are also 
known as surface components that are involved in biofilm 
formation (Bentancor et al. 2012; Ishikawa et al. 2012).

The primal requirement for TAA to involve in biofilm for-
mation is its binding property; flexibility of highly frustrated 
regions of a protein has been addressed in different studies 
(Ferreiro et al. 2014; Parra et al. 2016). The distribution of 
highly frustrated contacts revealed the flexibility of related 
domains. The resiliency of TAAs has been previously con-
firmed (Geme and Cutter 2000; Koiwai et al. 2016). This 
property facilitates the adherence of bacterial cells to vari-
ous surfaces; viewing the distribution of energetic frustra-
tions and flexibility of regions, similar conclusions can be 

extrapolated from our in silico predictions. High energetic 
frustration is attributed to the connectors, GIN, and YDD 
domains. Flexible regions within the nanofiber structure of 
 AtaA. baumannii may be the position of bending. The structural 
bending characteristic confers the more aggressive trait to 
the pathogen. Bending points could bring about the protein 
to bind with the involvement of multiple domains, rather 
than a single site. In other words, the chance of facing the 
binding sites to external surfaces would be increased via 
bending the nanofiber. It must affect the binding properties 
of the protein or the steps in the binding process which was 
also described previously for Hia, a trimeric autotransporter 
of Haemophilus influenzae (Meng et al. 2008). In the case of 
Hia, the binding is a multistep process due to the existence of 
multiple binding domains. GIN and C-terminal YDD heads 
of the  AtaA. baumannii showed highly frustrated interactions, 
which indicate their great potential for bending and binding 
[the sites of protein–protein interactions have been shown 

Fig. 6  Structural alignment of 
two head domains. a (Algo-
rithm: Needleman-Wunsch, 
Matrix: Blosum 62) structures 
of two head domains were 
aligned to show the differ-
ences between two head 
domains; three chains of first 
head domain and second head 
domain are illustrated by red 
and blue cartoons respectively. 
b Bottom view of the second 
head domain the protruded 
proline (P613) is evident in 
the image, chains are colored 
differently
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to be highly frustrated (Jenik et al. 2012)]. Conversely, the 
distribution of minimal frustrated interactions implies a rigid 
stable structure for related regions.

Traditional therapeutic strategies have failed to eradi-
cate the pathogen from infected patients or hospital 

Fig. 7  Membrane anchoring domain properties and comparison. a 
A tree was built based on the alignment of  AtaA. baumannii membrane 
anchoring region with the related region of ten well defined TAAs 
from other genera; the red leaf is membrane anchoring region of 
 AtaA. baumannii which is located in an outgroup. b Visualization of the 
transmembrane pore in  AtaA. baumannii. The translocation pore is dis-

played in yellow. Along the pore-axis, the positions of the pore-lining 
residues are identified. White colored dots (based on the conservancy, 
the same as Fig. 7) represent the lining residues. The lining residues 
of  AtaA. baumannii identified as follows (with actual residue numbers): 
LYS1819, TYR1822, HIS1829, ARG1840, THR1842, SER1849, 
THR1851, SER1863, ARG1865

Table 4  Physical properties of channels

Protein Length Bottle-neck Straightness Score

3emo 26.827 5.261 0.892 0.812
AtaA. baumannii 30.469 3.896 0.793 0.829
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settings due to the extraordinary ability of A. bauman-
nii in adaptation and drug resistance traits. These would 
extremely limit the therapeutic options. Thus, vaccine 
development and anti-virulence drugs constitute valuable 
alternatives. The growing number of validated virulence 
protein targets with known structure, along with great 
power of screening algorithms, make it possible to rational 
design of anti-virulence drugs (Neville and Jia 2019), vac-
cines (Dormitzer et al. 2012; Negahdaripour et al. 2017; 
Nezafat et al. 2017) and diagnostics tools. Targeting the 
virulence factors would not affect the natural survival of 
pathogen, therefore, would not alter the selective evolu-
tionary pressures that may lead to the development of drug 
resistance (Cegelski et al. 2008). An applicable plan in the 
confrontation with bacterial pathogens might be damaging 
the bacterial adhesion due to its preliminary role in the 
infection process (Cegelski et al. 2008). Development of 
such anti-virulence drugs requires an in-depth understand-
ing of virulence factors (Dickey et al. 2017).

Making a complete inventory of TAAs is difficult due 
to the complexity of domains. Characterizing a protein 
from the similarity of its amino acids to the well-defined 
proteins is a great potential of computational methods 
and known as “inheritance through homology” (Lee 
et al. 2007). Indeed, to overcome biases, it is necessary 
to compare several results and linking the available data 
together. In the present study, we employed up to date 
databases and most reliable software tools; The software 
parameters were set to the optimized level to achieve the 
most accurate results. For generating tertiary structures, 
the best-qualified templates were selected, those that com-
prised a higher level of identity with the query sequence. 
Within generated models, the best-qualified model was 
selected for structural analyses. In addition, compliance 
of predicted secondary structures and tertiary structures 
was visually inspected.

Conclusion

Some structural features of  AtaA. baumannii were defined by 
in silico tools.  AtaA. baumannii could be considered as a mod-
erate adhesin in the term of sequence length (1873 amino 
acids), compared to the average length of TAAs in Uni-
ProtKB database: ~ 1350. The architecture of  AtaA. baumannii 
comprises the several well-defined structures of trimeric 
autotransporter family. Multiple bending and binding sites 
were predicted to be present in the protein structure which 
can assist the organism to attach to the different surfaces. 
Describing the sequence and structural properties of such 
a virulence factor would be useful in practical attempts in 
designing new vaccines or anti-virulence drugs.
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