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ÖZ

Biyomateryal temelli protein taşıma sistemleri birçok biyotıp uygulamasında kullanılmak üzere iyileştirildi. 
Büyük başarılarına rağmen yenilikçi ve karar verme mekanizmasına sahip sistemlere protein taşınmasında 

hala ihtiyaç duyulmaktadır. Bu çalışmada protein salınımı ve taşınması için hücresel bir sistem tasarlanmıştır. 
Bu sistemler sadece biyotıp uygulamalarında değil, aynı zamanda diğer biyokimyasal sistemler için de 
uyarlanabilir. Bu bağlamda bir Escherichia coli oto-taşıyıcı protein, Ag43 hücre zarında gösterilmek üzere 
tasarlanmıştır. Alkali fosfataz proteinli bu sistem kullanılarak Ag43 ve özellikli TEV proteaz kesme bölgesi 
taşıyan ALP’nin birleşmesi gösterilmiştir. Enzimin aktif formunun hücre yüzeyinden salgılanan TEV proteaz 
ile iletişimi sonucunda salındığı açıklanmıştır ve bu makalede kontrollü enzim taşıma sistemini sağlayan bir 
hücresel mekanizma önerilmiştir.
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A B S T R AC T

Biomaterial based protein delivery systems have been utilized for many applications in biomedicine. Des-
pite their great success, there is a need to develop innovative living, decision making systems for protein 

delivery. In this context, here, a cellular system is proposed for protein release and delivery. Such systems can 
be used not for biomedical purposes but also for other biochemical applications. In this regard a Escherichia 
coli autotransporter protein, Ag43 was engineered to display on its cell membrane. Using this system alkaline 
phosphatase protein is displayed on the cell surface as a fusion of Ag43-ALP which is also carrying a specific 
TEV protease excision site. It was shown that the active from of the enzyme was released upon its interaction 
with TEV protease from the cell surface. In this study a cellular machinery is proposed to be used as a control-
led enzyme delivery system. 
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INTRODUCTION

Enzymes are critical molecules for many 
biomedical and biotechnological applications, 

their engineering and structural control is critical 
for their functions [1]. Generally purified forms 
of the enzymes are being used, however, their 
immobilized versions are also popular in many 
industrial settings [2]. Additionally, instead of using 
pure enzymes, bacterial machines for whole cell 
biocatalysts can be designed and used [3]. In such 
applications cells can be programmed as a whole 
cell biocatalyst using specific genetic circuits. In 
most of the whole cell biocatalyst applications 
enzymes are expressed intracellularly [4,5]. 
However there is a need to display such enzymes 
on the cell surfaces to accommodate them for 
extracellular activities. In the case of the bacteria 
there is a limited number of opportunities to 
display enzymes in an active, and intact form on 
the cell surface. Despite many available surface 
displayed systems, autotransporter systems are 
very promising to display enzymes and proteins 
on the cell surfaces [6-8].

Autrotransporters are specific membrane 
proteins. These proteins are displaying functional 
polypeptides on the cell membrane. These 
systems are promising as engineered cell surface 
display systems. Among those Ag43 protein in 
Escherichia coli is under great interest due to its 
phase variable behaviours and controlled protein 
secretion capability [9]. Ag43 is coded by flu gene 
in E. coli genome. Ag43 is synthesized as a chain 
of 1039 amino acids. Dam methylase and OxyR 
global regulator control the expression of the 
Ag43 protein [10-12]. In  it was found that the Ag43 
protein has 50000 copies when it is expressed 
[13,14]. Ag43 protein does not need any specific 
chaperone proteins for folding as it can carry 
out also a chaperone function as well. Initially 
Ag43 protein is synthesized as a form of a single 
chain, however these whole chain is processed 
into alpha and beta subunits. Alpha subunit of 
the protein assembles in to the cell membrane 
and upon its integration into the cell membrane 
it forma beta barrel structure, which leads a pore 
formation. The remaining part of the protein, 
namely the beta subunit forms is transferred to 
the outer space of the cell and remained attached 
to the cell membrane through its interaction with 

alpha-subunit embedded to the cell membrane. 
[15, 16] The interaction between the subunits is 
not very tight and mediated by the non-covalent 
interactions. The interaction between alpha 
and beta subunits of the Ag43 can be broken 
by increasing the temperature to 60°C [17]. The 
expression of the Ag43 protein also triggered 
the settlement of the cell population through 
the interaction between the beta subunits of the 
Ag43 proteins.  

Dues do its versatility as a possible cell 
surface display tool initial attempts made to 
use Ag43 protein as an surface display of non-
native proteins for E. coli however these attempts 
are limited. Another reason for the Ag43 as an 
optimal candidate for surface display of the 
protein is its copy number in E. coli is very high to 
serve as a surface displaying systems for enzymes 
compared to the other surface displayed proteins. 
These makes Ag43 protein as an ideal model cell 
surface display systems for protein display. Up 
to date some of the immunological factors and 
proteins have been displayed on the cell of the E. 
coli using Ag43 protein [18,19].

In this study, a model whole cell biocatalyst 
system was proposed. Whole cell biosensor has 
been designed to carry out a certain biocatalysis 
function by expressing enzyme of interest upon 
induction of the genetic design to produce 
and secrete the enzyme. Compared to the 
conventional catalysis system whole cell catalysis 
systems are convenient in terms of providing 
flexibility to display enzymes for a lower cost. 
In such systems enzymes are attached to the 
membrane of the cells which enables the users 
to remove the enzymes easily from the solution 
by centrifugation. Additionally, cells can be 
programmed to express the cells at a given time 
and they can start to secreted the enzymes when 
they are wanted to act on the substrate. Whole cell 
catalysis can used to program the cells to secrete 
multi-enzymes, which means that a heterologous 
catalysis can be achieved through cellular 
programming of the cells, while the enzymes are 
displayed on the cell membrane. In this context cell 
displayed enzyme systems provide new insights 
in developing next generation of biocatalysis 
apparoach with a systems based thinking towards 
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creating system biocatalysis. In current work we 
have engineered Ag43 protein of E. coli to display 
a well-known, widely used enzyme alkaline 
phosphatase (named as ALP). Employing the 
genetic engineering approaches we achieved to 
display the engineered ALP on the cell membrane 
of E. coli, the activity of the enzymes was noted 
both when it is displayed on cell membrane and 
the displayed protein was released from the cell 
membrane. 

MATERIALS and METHODS
Cloning of ALP 6H PelB Ag43 160N Pet22b 
Vector
The ALP gene with N-terminal 6x His tag and 
C-terminal flexible linker was amplified from E. 
coli DH5α genome using P1 and P2 primers. TEV 
recognition site was added to ALP gene via PCR 
using P1 and P3 primers. P4 and P5 primers was 
used to amplify the N-terminal truncated Ag43 
gene from E. coli DH5α genome. Truncated Ag43 
gene and modified ALP gene was assembled into 
NcoI-XhoI digested Pet22b vector using Gibson 
Assembly [20]. 
P1: 5’ GCCGGCGATGGCCATGGGCCACCACCAC-
CACCACCACGGTGGCGGTGGATCCCGGACAC-
CAGAAATGCCTGT 3’

P2: 5’ GCCCTGAAAGTACAGGTTTTCGCTACCAC-
CGCCACCTTTCAGCCCCAGAGCGGCTTTC 3’

P3: 5’ TTTATTGATGGTTGTGCGCTTAAGGCTAC-
CACCGCCACCGCCCTGAAAGTACAGGTTTTC 3’

P4: 5’ TCAGTGGTGGTGGTGGTGGTGCTCGAGT-
CATCAGAAGGTCACATTCAGTG 3’

P5: 5’ TTTCAGGGCGGTGGCGGTGGTAGCCTTA-
AGCGCACAACCATCAATAAAAACG 3’

Following the cloning of the Ag43 fusion part-
ner, the clones were sent for sequencing the check 
the alkalinephopsphatase protein sequence identi-
tiy. The alignment results is presented in Figure 2.

Trypsin digestion assay for surface displayed 
ALP
Sequence verified construct was transformed 
into E. coli BL21 (DE3) strain. A single colony was 
picked from agar plate and inoculated into 5ml 
of LB medium with appropriate antibiotics. The 
overnight grown cells were subcultured 1:100 
into 10ml of fresh LB supplemented with %1 (w/v) 
glucose and antibiotics. At mid log phase (OD600: 
0.4-0.6), the gene was induced with 1mM IPTG at 
18˚C for overnight. 

Detection of the Alkaline phosphatase 
enzymatic activity
Fresh ALP expressed cells were collected and 
centrifuged at 8000xg for 5 minutes. Cells were 
resuspended with 1x PBS, and stored at 4˚C for 

Figure 1. Plasmid map used for the expression of the fusion protein Ag43-ALP.

Figure 2. Sequence alignment of the cloned ALP protein.
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further experiments. For trypsin treatment, 5x108 
cells were taken and suspended with 200 μl 1x PBS. 
10 μg trypsin protease (Sigma- Aldrich) was added, 
and incubated 37˚C for 2 hours. After incubation, 
cells were centrifuged, and washed twice with 1x 
PBS. The washed cells were resuspended with 200 
μl of p-nitrophenylphosphate (pNPP) substrate 
solution (Sigma-Aldrich). The resuspended cells 
were incubated at 37˚C for 3 hours.  Total ALP 
activity was measured as p-nitrophenol (pNP) 
absorption at 405 nm.

TEV Protease Accessibility Assay
5x108 fresh ALP expressed cells were centrifuged 
and washed with TEV protease buffer (50mM 
Tris-HCl pH=8, 0.5mM EDTA) without DTT. Cells 
were resuspended in 200 μl of TEV protease 
buffer, and 5 unit of AcTEV protease (Invitrogen) 
was added. The cleavage reaction was incubated 
at 4˚C for overnight. Cells were centrifuged at full 
speed for 5 minutes. Supernatants were collected. 
100 μl of supernatant after cleavage reaction was 
mixed with 100 μl of PnPP substrate solution. 
The mixture were incubated at 37 C for 3 hours. 
Supernatant ALP activity was measured as pNP 
at 405nm. 

RESULTS 
Enzymes are valuable biocatalysts and they 
have been heavily used in many areas including 
biomedicine, fine chemical synthesis. However, 
generally enzymes are used in their pure 
form and the cost for the enzymes may cause 
problems in their co-effectiveness. In this regard, 
there have been studies to immobilize enzymes 
and protein on solid supports to provide a longer 
lifetime and better durability for them [21]. In a 
whole cell system these optimizations can be 
achieved through engineering of the cellular 
genetic regulation systems [22]. In our study we 
have formed a system where the timely control 
of the enzyme secretion was achieved through 
an inducible system. To create such a system 
Ag43 autotransporter system is engineered. The 
genetic parts of the Ag43 protein can be found in 
Figure 3. 

The signalling peptide allow the polypeptide 
chain to be recognised by the cellular machine for 
transportation. In our design we have included 
a specific signalling part that is called the 
tobacco etching virus protease (TEV protease) 
recognition site. TEV recognition site is added 

Figure 3. A. The secretion of the Ag43 autotransporter system, the polypeptide chain is translated and transported thro-
ugh the dedicated secretion machinery. The polypeptide chain cleaved and two distinct polypeptide chains are formed, 
blue polypeptide chain forms a pore on the cell membrane that helps the cargo protein to be transported through the cell 
membrane. B. The parts of the expressed autotransporter within the cytoplasm. 
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to remove the cargo protein after is displayed 
on the surface of the bacteria. This will allow on 
to control the release of the protein from the 
surface of the bacteria at a timely manner. TEV 
protease has a specific digestion site formed by 
the following amino acid sequence : (Glu-Asn-Leu-
Tyr-Phe-Gln↓Gly). We have selected the alkaline 
phosphatase enzyme as the model enzyme 
to display opn the cell surface and to show its 
release from the cell membrane upon addition of 
the TEV protein from the surface of the bacteria.

The gene encoding for the engineered 
autotransporter system was cloned under the 
control of a PLacO promoter. This promoter is 
inducible and transformed into E. coli BL21 cell. 
This cell is suitable for the production of the 
proteins under the control of the LacI repression 
along with pLac promoter system. [22] As 
descried in materials and methods section the cell 
were grown and induced to initiate the engineered 
autotransporter protein expression. Following 
the expression and folding of the protein the cell 
membrane of the protein was expected to be 
displayed on the cell surface. In this study, ALP 
enzyme was expected to be displayed on the cell 
surface, and should show enzymatic activity. In 
order to probe the existence of the ALP and its 
activity the ALP displaying cell were used to probe 
enzymatic activity of ALP. ALP enzymatic activity 
was followed by the breakdown of pNPP substrate 
as given in materials and methods section. 
Following the collection of the ALP displaying 
cells the activity of the cell was measured and 
data was normalized by cell number, the result of 
this measurement is given in Figure 4. In order to 

confirm that the protein are displayed on the cell 
surface, we have used trypsin digestion. Trypsin 
is a non-specific protease that attacks amino acid 
sequences without a sequence preference. [24] 
So, trypsin is a good tool to detect the presence of 
the displayed protein on the cell surface. During 
this removal we do expect to see a decrease in 
the enzymatic activity. As seen on Figure 4 upon 
trypsin exposure the ALP activity has decrease 
dramatically. 

As stated earlier the removal of ALP from 
the cell surface is initially tested with trypsin and 
this protease is attacking the displayed enzymes 
instead of releasing it from the cell membrabe. 
After the verification of the ALP display on the cell 
surface, using trypsin assay we took a step further 
and decide to do a programmed ALP release from 
the cell surface using a dedicated protease. The 
number of specific proteases are limited and one of 
the best studied one among them is TEV protease. 
TEV protease can target a specific recognition site 
and carry out the cleavage of the protein of interest 
from it fusion partner. We have employed the TEV 
protease.

In order to propose a programmed release of 
the ALP from the cell surface, TEV protease was 
added to the cell suspension. As described in the 
materials section protease was incubated with the 
cell suspension and at the end of the incubation the 
released ALP activity was measured from solution 
after removing the cells with centrifugation. As seen 
on Figure 5, the result of the experiments points the 
release of the intact and functional ALP enzyme. 
Compared to the initial enzyme activity there is 

Figure 4. Trypsin based release of the ALP protein, and activity of the ALP protein before and after trypsin enzyme treat-
ments. The decrease in the enzyme activity is statistically significant (t-test, p < 0.05).
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an increase in the enzyme activity, this because 
of the unintentionally released of the ALP protein 
from the E. coli periplasmic space. However upon 
exposure to the TEV protease an obvious increase 
in the activity of the free enzyme was noted after 
removing the cells from the solution. Another point 
that needs to be discussed is the decrease in the 
enzyme activity in the case of the trypsin addition. 
Upon addition of the trypsin activity one may expect 
to see also an increase in the ALP activity in the 
solution however this was not the case. The main 
reason for this case is the non-specific nature of the 
trypsin enzyme. Trypsin enzyme cuts the available 
protein in a random way which lead the degradation 
of the enzyme, and finally loss of enzyme activity. 

DISCUSSIONS
Cellular programming for the secretion of 
enzymes and small molecules is a promising 
approach to create biological machines to 
control bioprocesses. In this regard synthetic 
biology gains more importance and provides 
new functionalities for cellular programming. 
In cellular programming innovative genetic 
switches are needed and these can be utilized 
as a part of the whole cell biocatalyst systems. 
In this work the utilization of an autotransporter 
protein is presented as a tool to display functional 
enzymes. The design of the genetic construct is 
critically important to control the release of the 
displayed enzymes from the cell surface. Using 
a timely control can provide an opportunity to 
control a given process conditions at a given time. 
However, due to the molecular barriers it may 
not be feasible to use natural display system in 
the designs for controlled protein release. One of 
the critical barrier in such work is the docking of 

the protease of interest to release the displayed 
protein from the cell surface. In order to prevent 
such hindrances a specific tag can be used that 
may allow the protein of interest to be displayed 
from a distance from the cell surface. In the 
presented work the system can be enhanced by 
co-expressing the TEV protease and the enzyme 
of the interest at the same time from the cell 
surface. This will give the flexibility not to add 
the external TEV protease. There is also a need 
to underline that the choice of the protease is 
critical to release the protein of interest in an 
active form. That is why proteases targeting 
very specific recognition sites should be chosen. 
To sum up, whole cell biocatalyst systems can 
be designed and implemented for many diverse 
applications, including to deliver protein based 
drug molecules in gut by using probiotics. Such 
innovative applications will open new avenues for 
our understanding to develop smart, living drug 
delivery systems.
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