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Size‑dependent ability of AtaA 
to immobilize cells in Acinetobacter 
sp. Tol 5
Shogo Yoshimoto 1, Sota Aoki 1, Masahito Ishikawa 2, Atsuo Suzuki 1 & Katsutoshi Hori 1*

Microbial cells serve as efficient and environmentally friendly biocatalysts, but their stability and 
reusability in practical applications must often be improved through immobilization. Acinetobacter 
sp. Tol 5 shows high adhesiveness to materials due to its large cell surface protein AtaA, which 
consists of 3630 amino acids (aa). Previously, we developed a method for immobilizing bacteria using 
AtaA. Herein, we investigated the cell immobilization ability of in‑frame deletion (IFD) mutants of 
AtaA with different sizes in Tol 5. Mini‑AtaA, which consists of 775 aa and is functional in Escherichia 
coli, was produced and present on the cell surface; however, mini‑AtaA showed no immobilization 
ability in Tol 5. A cell immobilization assay was performed with cells expressing 16 IFD mutants of 
AtaA with different sizes, revealing that a length of at least 1417 aa was required for the sufficient 
immobilization of Tol 5 cells; thus, the minimum length needed to achieve the adhesive function of 
AtaA varies among bacterial species. The constructed mutant library of AtaA ranging from 3630 to 775 
aa will allow researchers to quickly and easily explore the optimal size of AtaA, even for bacteria newly 
introduced to AtaA.
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Microbial cells can function as whole-cell biocatalysts that are highly effective and selective under ordinary 
temperature and atmospheric pressure; thus, these cells are used to produce compounds in an environmentally 
friendly  manner1–4. Cell immobilization is an important strategy for the successful application of whole-cell 
biocatalysts because it simplifies the product separation steps, increases the cell concentration, confers tolerance 
to toxic substances, and permits the repetitive or continuous use of valuable and expensive  biocatalysts5–7. Vari-
ous immobilization methods, such as physical adsorption, chemical crosslinking, gel entrapment, and biofilm 
immobilization, have been developed and  improved8–10; however, these conventional methods involve practical 
limitations, such as mass transfer in the inner part of a gel, cell leakage from the support matrix, and adverse 
effects on cell viability and catalytic  activity7,10,11.

The gram-negative bacterium Acinetobacter sp. Tol 5 exhibits high adhesiveness to various material surfaces, 
including hydrophobic plastics, hydrophilic glass and metals, through its fibrous cell surface protein AtaA; this 
process is independent of cell growth and the secretion of extracellular polymeric substances (EPS)12. AtaA is a 
member of the trimeric autotransporter adhesin (TAA)  family13, and polypeptide chains of AtaA consisting of 
3630 amino acids (aa) form a large homotrimeric fibrous structure that is over 1 MDa in molecular weight and 
260 nm in length. TAAs, including AtaA, are secreted to the outer membrane (OM) by the type Vc secretion 
 system14,15. The large AtaA protein is composed of a notably long passenger domain (PSD) that is presented on 
the cell surface and exhibit biological functions and a C-terminal transmembrane domain (TM) that is anchored 
to the OM. The PSD consists of the N-terminal Ylhead (Nhead), the N-terminal stalk (Nstalk), the C-terminal 
Ylhead (Chead), and a C-terminal stalk (Cstalk), which are composed of several types of repeated domains and 
coiled-coil  connectors16,17.

We previously developed a method for immobilizing bacterial cells using  AtaA18. Bacterial cells transformed 
with the AtaA gene exhibit nonspecific high adhesiveness, and large amounts of growing, resting, or even lyo-
philized transformant cells can be quickly and firmly immobilized onto any material surface according to the 
 application19. Cells immobilized directly on surfaces through AtaA show better  tolerance18 and increased chemi-
cal reaction rates and can be repeatedly used in reactions without  inactivation19. Furthermore, the cells can be 
detached in deionized water but can be re-immobilized in fresh buffer  solution20.
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However, the heterologous expression of AtaA in bacteria other than Acinetobacter is not easy due to the 
large molecular size of AtaA, and the practical application of the immobilization method is limited. Recently, we 
reported that Nhead is responsible for the adhesion of AtaA and constructed a miniaturized AtaA (mini-AtaA) 
that lacks most of the  stalk21. Mini-AtaA was properly expressed in E. coli, allowing the immobilization of E. coli 
cells onto polyurethane carriers. This finding expanded the potential application of the immobilization method 
using AtaA; however, it is unknown why AtaA originally possesses this long stalk. In this study, we investigated 
the immobilization ability of in-frame deletion (IFD) mutants of AtaA that lack different domains.

Results
Immobilization of Tol 5 ΔataA cells expressing mini‑AtaA
To investigate the contribution of the stalk region of AtaA to adhesion in Tol 5, mini-AtaA (Fig. 1A) was expressed 
in the ataA gene knockout mutant strain of Tol 5 (Tol 5 ΔataA). First, the protein production level in whole-cell 
lysates of Tol 5 ΔataA cells expressing mini-AtaA was analyzed by immunoblotting with anti-AtaA59-325 antiserum 
(Fig. 1B). Tol 5 ΔataA cells expressing the full-length of AtaA (FL-AtaA) exhibited a single band corresponding 
to the expected molecular weight of 353 kDa, after the removal of the N-terminal signal peptide, which has a 
molecular weight of 6 kDa and is cleaved during translocation. Similarly, a single clear band corresponding to 
a molecular weight of 70 kDa for mini-AtaA was detected in the Tol 5 ΔataA expressing mini-AtaA, indicating 
that mini-AtaA was produced without undesired degradation. Next, the cell surface expression of the proteins 
was examined by flow cytometry using anti-AtaA59-325 antiserum. Compared to Tol 5 ΔataA cells, cells expressing 
FL-AtaA and mini-AtaA showed similarly high fluorescence intensities (Fig. 1C). These results indicate that the 
mini-AtaA protein was properly produced in the Tol 5 ΔataA cells and was present on the cell surface.

To evaluate the adhesiveness of cells expressing mini-AtaA, we conducted an immobilization assay using a 
polyurethane foam support. As controls, Tol 5 ΔataA cells and those expressing FL-AtaA were also examined. 
After the cells were shaken for 60 min in the presence of the polyurethane foam support, the suspension of cells 
expressing FL-AtaA became clear, showing that most cells had adhered to the support (Fig. 2A). In contrast, 
the suspension of cells expressing mini-AtaA remained turbid, similar to that of Tol 5 ΔataA, indicating that 
the cells had not adhered to the support. Subsequently, the immobilization ratio was quantified by measuring 

Fig. 1.  Expression of mini-AtaA in Tol 5 ΔataA. (A) Schematic representation of FL-AtaA and mini-AtaA. (B) 
Immunoblotting of whole-cell lysates of Tol 5 ΔataA ( −) and Tol 5 ΔataA expressing FL-AtaA or mini-AtaA. 
The arrowheads indicate bands corresponding to FL-AtaA and mini-AtaA. (C) Flow cytometry of Tol 5 ΔataA 
( −) and Tol 5 ΔataA expressing FL-AtaA or mini-AtaA.
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the change in optical density of the cell suspensions at 660 nm  (OD660) after shaking. The immobilization ratios 
were 99.7% for FL-AtaA, 0.19% for Tol 5 ΔataA, and 3.7% for mini-AtaA (Fig. 2B). These results clearly indicate 
that mini-AtaA does not function in Tol 5 cells. Considering that more than 80% of the E. coli cells expressing 
mini-AtaA were immobilized in the same assay described  previously21 and also reproduced here (Fig. S2), the 
minimum length of AtaA needed to exhibit high adhesiveness may differ among bacterial species.

Immobilization of Tol 5 ΔataA cells expressing IFD mutants of AtaA with different sizes
We attempted to comprehensively evaluate the adhesive function of various AtaA mutants with amino acid 
residues between 3630 aa (FL-AtaA) and 775 aa (mini-AtaA). Our previous functional mapping studies showed 
that the deletion of Nhead significantly decreased adhesiveness, but partial deletions in the stalk region (Fig. 3A; 
IFD-1 to IFD-6) did not affect adhesiveness in Tol 5 ΔataA21. Therefore, we designed 10 new IFD mutants that 
lacked more regions (Fig. 3A; IFD-7 to IFD-16). To design the new IFD mutants, we used the design method 
established in our previous  study22; this was performed to maintain the periodic sequence of coiled-coil regions 
before and after deletion, ensuring that the mutants did not suffer from structural distortions or steric clashes as 
shown in Fig. S2. In this way, we constructed a mutant library of AtaA, each variant retained the signal peptide, 
the adhesive domain Nhead, and the transmembrane domain, but varied in length.

An immobilization assay using a polyurethane foam support was conducted using Tol 5 ΔataA cells that 
expressed each AtaA mutant from the library. The  OD660 was measured periodically, and the immobilization 
ratio calculated from the decrease in the  OD660 was plotted. For clarity, the results were shown in three divided 
panels (Fig. 3B–D). The immobilization ratio of cells expressing IFD-1 to IFD-12 reached nearly 100%, indicating 
that these mutants retained a high ability to immobilize cells, although IFD-12 showed a slower immobilization 
(Fig. 3B–D). On the other hand, the immobilization ratio of cells expressing IFD-13 to those expressing IFD-16 
significantly decreased (Fig. 3D). The immobilization ratio obtained after the cells were shaken for 60 min was 
plotted on the graph, with the number of amino acid residues in the mutants on the x-axis and the immobilization 
ratio on the y-axis; the results showed that changes in the immobilization ratio were dependent on the number 
of amino acids in the mutants from IFD-12 to IFD-16 (Fig. 3E).

To examine whether the IFD mutants with reduced immobilization ability were properly produced in Tol 
5 ΔataA cells, immunoblotting was performed with whole-cell lysates of cells expressing each IFD using an 
antibody against  AtaA3524-3630. Clear bands corresponding to the theoretical molecular weight of the mutants 
were detected (Fig. 4A), indicating that protein production in the cells was normal. Next, to examine whether 
the mutants were present on the cell surface, flow cytometry with anti-AtaA59-325 antiserum was conducted. 
The fluorescence intensity of cells expressing IFD-12 to IFD-16 was comparable to or greater than that of cells 
expressing FL-AtaA (Fig. 4B). These results indicate that each IFD mutant was properly present on the cell sur-
face. Therefore, even though the cell surface presentation of IFD-13 to IFD-16 was similar or higher than that 
of FL-AtaA, their cell immobilization ability was significantly lower than that of FL-AtaA. This finding implies 
that a decrease in the length of the stalk of AtaA negatively affects its immobilization in Tol 5.

Discussion
In this study, we found that mini-AtaA, which can perform cell immobilization in E. coli, did not function in Tol 
5 ΔataA cells. Furthermore, cell immobilization assay for the mutant library of different sizes of AtaA revealed 
that size-dependent adhesion of AtaA and a length of at least 1417 aa were necessary for sufficient adhesion 
in Tol 5 ΔataA cells. This length was approximately twice as long as mini-AtaA, which consists of 775 aa and 
works in E. coli.

Fig. 2.  Immobilization of Tol 5 ΔataA ( −) and Tol 5 ΔataA expressing FL-AtaA or mini-AtaA on the 
polyurethane foam support. (A) Photographs of the bacterial cell suspension after shaking for 60 min with the 
support. (B) Immobilization ratio calculated from the decrease in the  OD660 of the cell suspension after shaking. 
The data are presented as the means ± SEMs (n = 3).
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Fig. 3.  Immobilization of Tol 5 ΔataA cells expressing mutant proteins of AtaA with different sizes. (A) 
Schematic representation of IFD mutant proteins of AtaA. (B–D) Immobilization ratio of Tol 5 ΔataA 
expressing (B) FL-AtaA and IFD-1 to IFD-5, (C) IFD-6 to IFD-11, (D) IFD-12 to IFD-16 and mini-AtaA, 
calculated from a decrease in the  OD660 of the cell suspension after shaking. (E) The immobilization ratio after 
shaking for 60 min was plotted with the number of amino acid residues of the mutants on the x-axis. The data 
are presented as the means ± SEMs (n = 3). Note that error bars are not visible in some of the plots because the 
data variation was minimal.
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It is generally believed that long fibrous proteins serve as spacers to present functional domains beyond the cell 
surface structures, such as other fiber proteins, lipopolysaccharides (LPS), and components of the cell  wall23–25. 
For Tol 5, a proteome analysis revealed that many types of fiber proteins were expressed, and transmission 
electron microscopy showed that at least some of these fiber proteins were present on the cell  surface26,27. These 
fiber proteins on Tol 5’s cell surface may have obstructed the adhesion of the shorter AtaA mutants. Therefore, 
the very long stalk region of AtaA may also be important for presenting the adhesion domain Nhead, beyond 
these cell surface structures. In other TAAs, stalk domains have been reported to have various functions, such as 
adhesion to fibronectin, vitronectin, immunoglobulin G, and host cell receptors, as well as bending and serum 
 resistance28–32. Because AtaA stalk has diverse domains such as Neck, FGG, GANG, Trp-ring, DALL, GIN, and 
coiled coils, it is possible that some of them possess another unidentified function.

AtaA can be utilized to immobilize bacterial cells for efficient use in bioproduction  processes18. However, the 
large size of AtaA significantly hinders heterologous protein production in host bacteria other than Acinetobac-
ter. Previous studies improved the expression of AtaA in E. coli and achieved successful cell immobilization by 
reducing the size of AtaA from 3630 to 775  aa21. In contrast, this study revealed that a length of at least 1417 aa 
was necessary for sufficient adhesion of AtaA for Tol 5. This finding suggested that the minimum length needed 
for AtaA to exhibit its adhesive function varies among bacterial species. Given these insights, it is crucial to 
employ an AtaA mutant of an appropriate size for each bacterium used in bioprocesses. The mutant library of 
AtaA constructed in this study consists of 16 mutants with varying lengths ranging from 3450 to 775 aa (Fig. 3). 
Utilizing this library allows researchers to quickly and easily explore the optimal size of AtaA, even for bacteria 
newly introduced to AtaA. Therefore, this study will contribute to the development of bacterial immobilization 
technology using AtaA and the development of environmentally friendly production processes using immobi-
lized bacteria as whole-cell catalysts.

Methods
Bacterial strains and culture conditions
The bacterial strains used in this study are listed in Supplementary Table S1. These bacterial strains were grown 
as described  previously12. Acinetobacter sp. Tol 5 and its mutant strains were grown at 28 °C, and E. coli strains 
were grown at 37 °C in lysogeny broth (LB) medium unless otherwise noted. The following antibiotics were 
used at the following concentrations when necessary: ampicillin (500 μg/mL) and gentamicin (10 μg/mL) for 
the Tol 5 mutant strains and ampicillin (100 μg/mL), gentamicin (10 μg/mL) and kanamycin (50 μg/mL) for 
the E. coli strains. For the expression of ataA and its mutants, an overnight culture of bacterial cells harboring 
the expression vector was inoculated into LB medium supplemented with ampicillin, gentamicin, and 0.5% 
(w/v) arabinose to induce the expression of genes under the control of the  PBAD promoter, and the medium was 
incubated for 7 h at 115 rpm.

Construction of plasmids
The plasmids and primers used in this study are listed in Supplementary Tables S2 and S3. The procedures for 
constructing IFD mutants in pDONR221 plasmids are described below.

To construct pIFD-7, a DNA fragment excised from pTAKN-2::Trp11_047&04821 with BglII/BamHI was 
inserted into the BamHI site of pMD19::FragB21. A DNA fragment excised from the generated plasmid with 
BglII/BamHI was inserted into the BamHI site of pMD19::FragA21, generating pMD19::FragAB_047&048. A 

Fig. 4.  Expression of IFD mutant proteins with reduced immobilization ability in Tol 5 ΔataA. (A) 
Immunoblotting of the whole-cell lysates of Tol 5 ΔataA expressing IFD-12 to IFD-16 and mini-AtaA. (B) Flow 
cytometry of Tol 5 ΔataA ( −) and Tol 5 ΔataA expressing FL-AtaA, IFD-12 to IFD-16, and mini-AtaA.
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DNA fragment was amplified by inverse PCR (iPCR) from pDONR221::ataA using primers IFD7-f/IFD-7-r 
and self-ligated, generating pDONR221::IFD036b. A DNA fragment excised from pMD19::FragAB_047&048 
with BglII/BsaI was inserted into the BamHI/BsaI site of pDONR221::IFD036b, generating pDONR221::IFD-7.

To construct pIFD-8, a DNA fragment excised from pTAKN-2::FragTrp5,621 with BsaI/BamHI was inserted 
into the same site of pDONR221::FragA2-03121, generating pDONR221::FragA2-031_Trp5,6. A DNA fragment 
excised from pMD19::FragC21 with BglII/BamHI was inserted into the BamHI site of pDONR221::FragA2-031_
Trp5,6, generating pDONR221::IFD-8.

To construct pIFD-9, a DNA fragment was amplified by iPCR from pTA2::AtaA2842-3630 using prim-
ers IFD9-f/IFD9-r and self-ligated, generating pTA2::dCheadCstalk. A DNA fragment excised from 
pTA2::dCheadCstalk with BglII/XbaI was inserted into the same site of pDONR221::IFD-6, generating 
pDONR221::IFD-9.

To construct pIFD-10, DNA fragments were amplified by PCR from pDONR221::IFD-5 using primers IFD10-
f1/IFD10-r1 and IFD10-f2/IFD10-r2, excised with EcoRI/BamHI and BamHI/XbaI, respectively, and ligated into 
the EcoRI/XbaI site of pDONR221, generating pDONR221::IFD08c. A DNA fragment was amplified by PCR 
from pTA2::FragC using primers IFD10-f3/IFD10-r3 and sub-cloned into pTA2, generating pTA2::FragC_10. A 
DNA fragment excised from pTA2::FragC_10 with BsaI/BamHI was inserted into the same site of pDONR221:: 
IFD08c, generating pDONR221::IFD-10.

To construct pIFD-11, a DNA fragment excised from pTA2::dCheadCstalk with BglII/XbaI was inserted into 
the same site of pDONR221::IFD-8, generating pDONR221::IFD-11.

To construct pIFD-12, a DNA fragment excised from pTAKN-2::FragTrp5,6 with BsaI/BamHI was inserted 
into the same site of pDONR221::IFD08c, generating pDONR221::IFD08c_Trp56. A DNA fragment excised from 
pMD19::FragC with BglII/BamHI was inserted into the BamHI site of pDONR221::IFD08c_Trp56, generating 
pDONR221::IFD-12c. A DNA fragment excised from pTA2::dCheadCstalk with BglII/XbaI was inserted into 
the same site of pDONR221::IFD-12c, generating pDONR221::IFD-12.

To construct pIFD-13, a DNA fragment excised from pTA2::dCheadCstalk with BglII/XbaI was inserted into 
the same site of pDONR221::IFD-10, generating pDONR221::IFD-13.

To construct pIFD-14, a DNA fragment was amplified by iPCR from pDONR221::IFD-10 using primers 
IFD14-f1/IFD14-r1 and self-ligated, generating pDONR221::IFD-10c. A DNA fragment was amplified by iPCR 
from pDONR221::IFD-10c using primers IFD14-f2/IFD14-r2 and self-ligated, generating pDONR221::IFD-14.

To construct pIFD-15, a DNA fragment was amplified by iPCR from pDONR221::IFD-14 using primers 
IFD14-f/IFD15-r and self-ligated, generating pDONR221::IFD-15.

To construct pIFD-16, a DNA fragment was amplified by iPCR from pDONR221::IFD-14 using primers 
IFD16-f/IFD16-r and self-ligated, generating pDONR221::IFD-16.

All of these ataA mutants in pDONR221 plasmids were excised with EcoRI/XbaI and inserted into the same 
site of pARP3, generating plasmids for expression. Transformation of the Tol 5 ΔataA cells with these expression 
vectors was carried out by conjugal transfer from the E. coli S17-1 as previously  described12.

Protein detection
The expression and production of AtaA mutants were detected by SDS–PAGE followed by immunoblotting as 
described  previously12 with slight modifications. To confirm that AtaA and its mutants were produced, SDS sam-
ple buffer (5% (v/v) 2-mercaptoethanol, 2% (w/v) SDS, 0.02% (w/v) bromophenol blue, and 62.5 mM Tris–HCl, 
pH 6.8) supplemented with 8 M urea and anti-AtaA59-325 rabbit  antiserum22 was used. Flow cytometry was 
performed using anti-AtaA59-325 rabbit antiserum and Alexa Fluor 488-conjugated anti-rabbit antibody (Cell 
Signaling Technology, MA) as described  previously22.

Immobilization assay using polyurethane foam support
The immobilization of bacterial cells on polyurethane foam supports was performed as described  previously20, 
with slight modifications. The bacterial cells were suspended in 25 ml of BS-N buffer at an  OD660 of 1.0 in a 
100-mL Erlenmeyer flask. Five pieces of polyurethane foam support with a specific surface area of 50  cm2/cm3 
(CFH-40; Inoac Corporation, Nagoya, Japan) in the shape of a cube (1  cm3) were placed into the cell suspen-
sion and shaken at 115 rpm at 28 °C for 60 min. During shaking, the  OD660 of the cell suspension was measured 
periodically. The immobilization ratio of the cells was calculated using the following equation:

Data availability
All data generated or analyzed during this study are included in this published article.
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