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Abstract

Tus is a protein involved in DNA replication termination that binds specific DNA sequences
(Ter) located around the terminus region of the chromosome in Enterobacterales. Tus and Ter
form a unique monomeric protein-DNA complex which is one of strongest of its kind. A
fascinating aspect of Tus-7er is its ability to dramatically change conformation into a locked
structure upon progression of a replication fork towards the non-permissive face of the
complex. Over the last two decades, several new technologies have emerged harnessing the
unique and interesting properties of this fascinating DNA-binding protein. This review
highlights the important properties of the Tus-Ter complex and their exploitation for the
development of diverse and novel ultrasensitive detection devices as well as innovative
genomic and proteomic platform technologies. A variety of ex vivo and in vivo bioanalytical
applications are discussed, including immuno-PCR diagnostic, bioassay and protein array
technologies that are broadly relevant to the fields of cancer biology, microbiology and

immunology. A perspective on future research and applications is provided.

Protease activity assay In situ protein array < » Linear DNA protection
T BIOANALYSIS T

Tus Tus-Ter . A " Tus-Ter-Iock.'

¢ v DIAGNOSTICS
Nuclear delivery = Photochemical iYL \f\“
) conjugation Ter-lock
Replication fork stalling «+— u2_| ¢
%)
IN VIVO TOOLS AND ASSAYS % Immuno-PCR

Keywords

Tus-Ter, protease assay, immuno-PCR, bioassay, protein array, replication fork barrier



1. Introduction

The ultrastable complex formed between avidin, streptavidin or its derivatives and biotin has
become a staple system used in a myriad of bioanalytical techniques [1-3]. In particular,
biotinylation of oligonucleotides opened the doors to new and disruptive technology
developments revolving around the principles of protein-DNA conjugation and display. One
of the limitations of this system lies with its widespread success and applications, creating
possible interferences and incompatibilities between methods and commercial kits that are
based on this same interaction. Another limitation stems from the presence of variable
concentrations of biotin in biological samples, a potential interference in clinical
immunoassays that are based on the streptavidin-biotin interaction [4]. As such, proteins that
form strong and specific interactions with ligands and nucleic acids offer interesting
alternatives and application opportunities for biosensing and ultrasensitive detection
technologies [5] that would also be compatible and even complementary with the streptavidin-

biotin system.

Tus is a relatively small protein (36 kDa) involved in bacterial DNA replication termination
where its function is to stop the giant replisome traveling along the chromosome at ~60 kb/min
at specific Ter sites [6-8]. Over the years, the binding of Tus to Ter sequences as well as its
ability to form a unique Tus-Ter-lock structure [9] have been dissected in minute detail (Figure
1). So much so, that in 2007, the E. coli Tus protein was used as a control protein to validate a
sortase-mediated protein ligation assay for the attachment of proteins to surfaces [10] (Table
1). Various biotechnological applications making use of the intrinsic properties of E. coli Tus
and Ter have been reported in the form of scientific literature (Table 2) and intellectual property
(Table 3) since 2001. Interest in the applicability of the Tus-Ter interaction was initially
sparked by its extreme stability and later by its ability to form a unique Tus-Ter-lock structure

that is even more stable [9, 11, 12] (Figure 1).
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Figure 1: Bacterial DNA replication termination involving the Tus-7er interaction. Tus
binds to a Ter sequence with specific polarity. When the replisome approaches the complex
from the C(6) nucleotide (red) end, the action of the helicase unwinds the DNA, liberating the
C(6) base that can lodge into a specific binding pocket, yielding the Tus-Ter-lock structure.
Specific bases and the E47 amino acid residue that are specific to biotechnological applications
are indicated. Structures were generated with ChimeraX from the coordinates of PDB 2105

(Ter and Tus-Ter) and 2106 (Tus-Ter-lock) files.



A year after the use of Tus to validate a sortase-mediated protein ligation assay [10], the first
example of a Tus-based technology was reported [13]. Indeed, taking advantage of the intrinsic
DNA-binding property of Tus for the first time, Chatterjee et al. successfully developed an
innovative protein microarray technology [13]. From that point onwards, the intrinsic
properties of Tus and of its complexes with Ter were harnessed to develop new technologies
and methods (Table 2). In parallel, and essentially due to its predictable nature, Tus was also
chosen as a well-behaved reference protein to validate several innovative technologies (Table
1). These included protein-ligand assays such as GFP-based protein stability assay (GFP-Basta)
and differential scanning fluorimetry of GFP-tagged proteins (DSF-GTP) [14, 15], a real-time
PCR (gqPCR) method to compare the binding of a protein to different DNA targets in polyplex
[16], and the evaluation of active protein incorporation into a self-assembling peptide hydrogel

[17].

Table 1: Technology validation with Tus

Year  Validation Form References
2007 Sortase protein ligation Tus-LPETGG-Hiss [10]

2010 GFP-based protein stability assay Hise-Tus-GFP [14]

2012  DSF-GTP Hise-Tus-GFP [15]

2012 Polyplex qPCR-based Protein-DNA binding assay =~ Hise-Tus-GFP [16]

2013 High-throughput DSF-GTP Hise-Tus-GFP [18]

2013 Self-assembling functionalized hydrogels Tus-LPETGGFEFEFFKFKK  [17]

2015 In-gel detection of biotinylated proteins Hisg-Tus-AviTag-biotin [3]

Similar to streptavidin, avidin and other high-affinity binders which are widely used in
molecular sciences owing to their highly selective and stable interaction with biotin [2, 3], new
developments of E. coli Tus-Ter into molecular tools will continue to emerge. Here, the small
size and monomeric DNA-binding modality of Tus [6, 19] are desirable traits compared with

the possible challenges of multimeric protein interactions such as the tetrameric streptavidin



[2]. This review presents for the first time a systematic and detailed historical account of the

development of the Tus-7er system and its translation into a variety of biotechnological

applications.

Table 2: Biotechnological applications of Tus

Year

2008

2009
2010

2010
2011

2014

2021

Table 3: Intellectual property landscape

Year
2001

2004
2005

2005
2007

2007

2008

2011

2014

2017

2021

Target Application

Protein array

Principle

containing plasmid

Protein-DNA conjugation

Protein delivery into the nucleus

present in Tus

Immuno-PCR

Protease assay

protease substrate

DNA barriers and perturbations

Linear DNA protection

Patent title

Ter sites and Ter binding proteins
Method of selecting polypeptides

Double-stranded oligonucleotides and
uses therefor

In situ assembly of protein microarrays

Diagnostics in a monoplex/multiplex
format

Polynucleotide backbones for

complexing proteins

Methods and compositions for protein
delivery

Protease activity assay

Compositions and methods for
characterizing a DNA repair variant
polypeptide

Method of replication or amplification
of circular DNA

Protection of Linear Deoxyribonucleic
Acid from Exonucleolytic Degradation

Ter added to DNA ends

Patent number

PCT/US2002/003366
PCT/GB2005/004148
PCT/AU2006/000136

US12/105,636
PCT/AU2007/000798

PCT/US2008/077887

PCT/US2009/059328

PCT/AU2012/000343

US14/941,769

PCT/JP2018/007485

Provisional US patent
US63/142,097
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Self-assembly of Tus fusion protein with Ter-

Photoactivatable protein-DNA conjugation

Mammalian-like nuclear localisation signal

Tus-Ter-lock based protein-DNA conjugation

Thermosensitivity of Tus-GFP containing a

Tus-Ter induced replication fork arrest in
yeast and mammalian cells.

Active country

JP,NZ

US, DE

JP

UsS

[N}

CA, SG, BR, RU,
EP, JP, US, AU,
CN, KR, IL

References

[13,20]

(21]
[22]

[23-28]
[29]

[30-35]

[36]

References

(9]

[13,20]
[23-28]

[22]

[29]
[30-35]

[36]



2. Proteomic applications

2.1. Protein array

Typical protein array designs use strategies that immobilise purified proteins onto an array
slide. They require large libraries of purified proteins and well-defined long-term storage
conditions [13, 37]. Protein in situ array (PISA) and nucleic acid protein programmable array
(NAPPA) technologies were developed to overcome these disadvantages [38-40]. However,
these require the use of affinity tag-specific capture and display of proteins of interest, leading
to potential issues with loss of avidity and off-target binding [41]. The Tus-7er system was
selected to develop a protein array strategy that would bypass most of these requirements [13,
20]. The array technology consists of a plasmid that is printed onto an array slide, including
TerB and a tus gene cassette for in situ production of fusion proteins tethered to Tus. Here, the
immobilised plasmid has a dual function for cell-free protein expression, and direct in situ
capture of the Tus-fusion protein onto the array slide via complex formation with 7erB. An N-
terminal GFP-tagged Tus E47Q mutant (GFP-Tus) was used in the proof-of-concept stage of
this protein array development. The E47Q mutation is known to further increase the affinity of
Tus for TerB [42]. The array technology was evaluated further with a selection of known
protein-protein interactions such as p53/MDM2, CDK4/p16, FRB/FKBP12 and Jun/Fos. The
method led to the identification of p16 as a novel CDK2 binding partner [20]. While Tus can
be successfully tagged, the expression of fusion proteins in functional form cannot be assessed
in this array format. As such, care must be taken that protein expression conditions maximise
the stability and functionality of fusion proteins, and reduce protein aggregation. In principle,
identification of protein-DNA, enzyme-substrate, ligand-receptor and protein-drug interactions

can be envisaged with this platform technology but are yet to be demonstrated [20].



2.2. Site-specific photoactivatable protein-DNA conjugation

Site-selective conjugation of native proteins with DNA enabled the development of innovative
bioanalytical and imaging technologies such as immuno-PCR, proximity ligation, DNA-
PAINT and Exchange-PAINT to name a few [43-47]. In 2009, a modified Tus-Ter-lock
complex was reported as a very efficient protein-DNA photo-crosslinking system [21]. Here,
the A(7) in the TerB-lock sequence (Figure 1) was replaced by a photoactivatable
bromodeoxyuridine (BrdU) base. With this system, site-specific protein-DNA conjugation
could be achieved in just a few minutes with yields up to 65%. The broad applications of this
rapid conjugation system was evaluated with a C-terminal GFP-tagged Tus (Tus-GFP). This
protein-DNA conjugation technique offers significant advantages, such as the synthesis of
covalent protein-DNA conjugates with well-defined stoichiometry and regiospecificity, which
can be performed in droplets on surfaces using low reagent concentrations. However, the
presence of unreacted species could be a potential limitation when pure covalent conjugates
are required. The procedure has obvious potential in protein array and display technologies,
DNA-directed protein immobilization, proximity ligation and immuno-PCR, and has yet to
find a suitable application in DNA nanotechnology [46, 48, 49] as an alternative to the biotin-

streptavidin interaction.
2.3. Tus-based immuno-PCR diagnostics

Immuno-PCR is based on the high specificity and affinity of an antigen-antibody complex, and
the extreme DNA detection sensitivity of PCR [50]. Real-time or quantitative Immuno-PCR
(qIPCR) can improve the analytical detection sensitivity of a classic immunoassay such as the
enzyme-linked immunosorbent assay (ELISA) by up to ~10° fold [51]. Several linking systems

have been described for antibody-DNA conjugation that are useful for qIPCR [51]. Most of



these systems produce heterogenous antibody-DNA conjugates, and lack the high batch-to-
batch reproducibility and simplicity necessary to translate qIPCR technologies into routine
laboratory and diagnostic tools. The monomeric nature of Tus yields well-defined and
predictable protein-DNA conjugates [23-26, 51]. As such, qIPCR is one of the most promising

field of applications of the DNA binding property of Tus.

In its inception, a Ter-lock sequence extended with a short single-stranded template for PCR
amplification was coupled with Tus-GFP and used as proof-of-principle detection device in the
first Tus-based qIPCR assay [23]. This system allowed ultrasensitive detection of GFP-specific
antibodies in the femtomolar range. The utility of the Tus-based qIPCR platform technology
was evaluated further in various formats [23] and led to the development of a number of qIPCR

assays for the sensitive detection of a variety of protein analytes [16, 23-28].

Tus fusions with various IgG binding proteins demonstrated the utility of the Tus-based qIPCR
platform technology for the universal detection of mammalian IgG, with superior sensitivity
compared to protein G-peroxidase-based ELISAs [24]. A Tus fusion with two IgG-binding
domains from protein G (2G-Tus) was employed for the detection of antibodies to
Burkholderia pseudomallei LPS in melioidosis patients [27]. Importantly, the 2G-Tus-based
qIPCR was able to detect antibodies in the sera of culture-confirmed melioidosis patients that

could not be detected using the widely used indirect hemagglutination assay (IHA).

In the same period, a proteomic application of the technology was also evaluated for
quantifying dual affinity-tagged target proteins in a complex biological matrix such as serum,
using a ‘bridged’ system [26]. In this format a Tus fusion with a short hemagglutinin epitope
tag (Tus-HA) was used in combination with high affinity anti-HA antibodies to detect
picomolar concentrations of HA-tagged proteins expressed or circulating in a variety of
complex matrices, including serum, cell culture media and cell lysates. One of the most

promising applications of this system was specifically designed to detect minute quantities of

9



tropomyosin-specific IgE antibodies [25, 28, 52]. The study compared the analytical sensitivity
of a Tus-HA-anti-HA-Tropomyosin-HA ‘bridged’ system with a direct Tus-Tropomyosin
fusion. The latter detection device performed best and was capable of detecting a reference
tropomyosin-specific IgG present at a concentration of 1.2 pM, which is suitable for the
detection of tropomyosin-specific IgE at the lower limit cutoff for allergy equalling 4.7 pM
[25]. Using this format, tropomyosin-specific IgE could be detected using only 5 pl of shellfish

allergic patient sera.

It seems likely, that the different protein-DNA conjugation systems that are already available
will provide opportunities for multiplexing qIPCR assays in the future. With respect to the Tus-
based qIPCR platform technology, additional avenues for multiplexing could arise from the

discovery of Tus orthologs or reengineering of Tus with altered DNA sequence specificities.

10
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Figure 2: Tus-based platform technologies. Black arrows highlight the links between
different platform technologies and the relevant forms of Tus as well as some of the important
interlinks between applications. The Tus-GFP protease activity assay takes advantage of the

large difference in thermal stability between Tus and GFP, which are linked by a modular
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cleavage site. Proteolytic cleavage of free or 7Ter-bound Tus-GFP is followed by a thermal
denaturation step. The GFP fluorescence is proportional to the protease activity. The in situ
protein array uses plasmids including both a TerB and a fus cassette for cell-free production of
Tus fusion proteins that are bound to the array slide in situ. Photochemical conjugation requires
the A(7) of a Ter-lock sequence to be substituted with a photoactivatable BrdU to enable
production of covalent Tus-DNA conjugates. Nuclear delivery of Tus and fusions thereof is
possible due to the fortuitous presence of a nuclear localisation signal sequence. Replication
fork stalling requires the site-specific insertion of a cluster of 7er sites with concomitant Tus
expression. The linear DNA protection system requires the addition of a 7er sequence to each
end of the DNA where Tus inhibits exonuclease activity. The immuno-PCR technology takes
advantage of the superstable Tus-7Ter-lock complex where a Tus-containing fusion is coupled
with a Ter-lock-containing DNA template sequence to quantify the presence of proteins such

as antibodies by qPCR.
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2.4. Protease activity assay

In 2011, a protease activity assay was reported that is based on a Tus-GFP fusion cassette
including a modular protease substrate sequence in its interdomain linker sequence [29]. The
system takes advantage of the lower thermal stability of Tus compared to GFP. When Tus-GFP
is incubated with a protease that cleaves the interdomain linker, the thermostable GFP is
released. Following subsequent heat denaturation and centrifugation steps, non-proteolysed
Tus-GFP aggregates are removed from the supernatant. As such, the increase in released GFP
and fluorescence in the supernatant correlates directly with increased protease activity. This
system was successfully applied to measure the protease activities of trypsin, caspase 3, and
neutrophil elastase with analytical detection sensitivities in the nanomolar range. It was
successfully validated with the human neutrophil elastase peptide chloromethyl ketone
inhibitor (MSACK), demonstrating its suitability for protease inhibitor screening. An
advantage of this system is that longer incubation times and higher reaction temperatures are
possible when a Ter sequence is added to increase the thermostability of Tus, which in turn
improves the analytical sensitivity of the assay. One of the major limitations of this system is
that it cannot be performed in real-time and thus is not practical to monitor kinetics due to its
endpoint assay format. Nevertheless, the assay should be useful in drug discovery programs

for the screening and characterisation of protease inhibitors.
2.5. Linear DNA protection

One of the most recent developments of Tus could very well be its simplest, yet most valuable
application and may become a staple in the biotechnologist’s toolbox. Cell-free synthetic
biology requires stable DNA templates for gene expression. The presence of exonucleases in
bacterial cell-free systems undermines the potential for use of linear DNA template for protein
expression, although modifications to the template can provide some nuclease protection

specific to E. coli-based systems [53]. As such, circular plasmids with all their disadvantages

13



are the usual DNA format used in bacterial cell-free systems. However, the conception of
terminal protection of linear template by DNA binding proteins [36, 54, 55] has been shown to
significantly increase stability against exonuclease degradation in E. coli as well as non-model
organisms. Initially the dimeric single-chain bacteriophage lambda Cro repressor and its
operator recognition consensus sequence (half-life of 150 min [56]) was used [54]. In parallel,
a similar method was developed using the mycobacterial Ku protein which binds non-
specifically to exposed DNA ends [55]. More recently, Norouzi et al. [36] reported the
successful use of the Tus-Ter interaction (half-life of 550 min [11]) as a means to protect the
ends of linear DNA. They demonstrated the robustness of the Tus-Ter protection system with
E. coli and V. natriegens cell-free extracts obtaining high levels of protein expression
comparable to plasmid-based expression yields [36]. In future, incorporation of this protection
strategy into a Tus-based protein microarray [13, 20] that would utilise linear DNA could be

of high interest. In this scenario, Tus fusions binding to the DNA would also protect it.

3. Cell-based applications

3.1. Nuclear protein delivery

Unexpectedly, Tus contains an amino acid sequence resembling a mammalian nuclear
localization signal that has significant nuclear targeting efficiency [22, 57]. Kaczmarczyk et al.
reported that expression of GFP-Tus can be achieved in human cells with almost exclusive
nuclear localization. Transduction of GFP-Tus from culture media also resulted in its
accumulation in the nucleus [22]. Here, Tus was proposed as a possible protein delivery system
into the nucleus of mammalian cells. Although the nuclear localisation of Tus was relatively
moderate, and is obviously a fortuitous coincidence, it showed that Tus fusion proteins could
be expressed in eukaryotic cells in a functional form hinting towards potential applications in

higher organisms.

3.2. Tus-Ter induced replication fork arrest
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A common bioanalytical method to track the fate and processing of a site-specific stalled
eukaryotic fork in vivo utilises a naturally occurring polar replication fork barrier from
Schizosaccharomyces pombe, which is based upon the replication termination site 1 (R7S7)
and its binding protein (Rtf1) [58]. The system requires insertion of numerous bacterial LacO
repeats to enable quantitative bioimaging of fluorescently labelled Lacl foci and a DNA repair
factor labelled with a different fluorescent tag. Unfortunately, the reporter Lacl-LacO array
also acts as a non-polar replication fork barrier, which must be differentiated, and the system

is limited to fission yeast models.

In 2014, Larsen et al. reported the first application of Tus-7er as a DNA replication perturbating
system [31]. The system was applied to examine the impact of site-specific DNA replication
fork barriers in the yeast Saccharomyces cerevisiae genome [34]. Larsen et al. reported that
genomic insertion of Ter modules with concomitant expression of Tus, form site-specific
replication fork barriers that can be resolved by RecQ helicase-dependent homologous
recombination in the yeast. Willis et al. [30] designed a similar system that was applied to
mouse cells. The study revealed that stalled replication forks contribute to genomic instability
and specifically to breast and ovarian cancer predisposition in BRCA mutant cells, via aberrant
long-tract homologous recombination. In 2018, the Tus-Ter system was used to examine
whether homologous or non-homologous end joining recombination was triggered to repair
chromosomal replication fork barriers in mammalian cells [32]. The authors found that the
primary repair mechanism was homologous recombination via early recruitment of Rad51 at
stalled replication fork sites. Interestingly, all these studies used a Tus with an NLS tag despite
the fact that this may not be necessary [22] in contrast with what would be an inherent

requirement for the Lacl-LacO and TetR-TetO artificial replication fork barrier systems [59].

The use of Tus-Ter as a physical barrier on DNA has proven to be a very useful tool to induce

recombination events and will no doubt be applied to other studies examining the impact of
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artificial barriers on DNA in eukaryotes and prokaryotes. Of note, Ramachandran et al. [60]
applied Tus-Ter to conditionally block the replication of chromosome 1 (Chrl) in Vibrio
cholera. Ter sequences were inserted on each flank of the origin of replication (ori/) and Tus
expression was controlled by an arabinose-inducible promoter. The experiment was performed
in a microfluidic chamber, which allowed controlled addition as well as removal of the inducer.
As such, the effects of blockage and release of replication forks could be observed and analysed

in real-time with this advantageous and unique polar fork arrest system.
4. Conclusion and perspective

The Tus protein had been studied in great detail over several decades, eventually culminating
in 2006 with the Tus-Ter-lock structure that enabled delineation of the currently accepted
mechanism of polar fork arrest in E. coli [9]. Tus had finally reached the status of a ‘model’
DNA-binding protein with useful and predictable attributes. Not surprisingly, the first
biotechnological applications of Tus emerged soon after. While its utility as a protein-DNA
conjugation system was somewhat predictable, given its extremely strong DNA-binding
affinity, some of its other applications in protease assays and nuclear protein delivery were not.
Of note, its more recent deployment as a site-specific heterologous DNA replication
perturbation system has the potential to become a very useful bioanalytical tool to examine

DNA replication, repair and recombination [30-35, 58].

Moving forward, with the recent characterisation of different types of replication fork traps in
Enterobacterales [8], there is obvious scope for the characterisation and development of
interesting orthologous Tus-Ter systems with different DNA binding properties. There is also
potential for reengineering the DNA-binding specificity and properties of Tus, offering the
possibility of multiplexing immuno-PCR and protein array technologies in combination with

other stable systems such as the streptavidin-biotin interaction [3]. Here, the biotinylated Tus
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[3] and 2G-Tus [24] would have obvious potential to be translated into valuable commercial

immunodetection devices.

One of the major advantages of the Tus-7er interaction is that it is reversible, and its strength,
on-rate and off-rate are easily tuneable properties [12, 14-16, 18] that have not yet been
harnessed. It can also be turned into a rapid and site-specific photoactivatable protein-DNA
conjugation system [21]. We expect future applications of Tus-7er to take advantage of these
aspects for the development of new predictable biomaterials and biosensors. Increasing the
thermal stability of Tus would also be an obvious and desirable outcome with major benefits.
The thermostabilization of Tus upon binding to 7Ter [14, 15] is already making its long-term
storage at room temperature a possibility, and could be used as a thermo-controlled DNA

protection or release system.

Of course, it would be somewhat one-sided to only mention the advantages of the Tus-7er
system. While the protein can be tagged in many ways, its expression and solubility are not the
best, requiring slow and low-temperature expression conditions [21, 61]. As such, care must
be taken to control for these drawbacks, long-term stability and functionality of Tus. Another
issue stems from its unique binding mechanism leading to significant non-specific binding to
DNA in low ionic strength buffers [12, 16, 18], currently limiting the possibility of
multiplexing in qIPCR applications. However, with plenty of room for further protein
engineering, characterisation of novel Tus proteins, and flexible tuning of the Tus-Ter
interaction, we hope that the eclectic applications and insights presented in this review will
provide the impetus needed to develop new ideas into innovative biotechnologies with

bioanalytical applications across various disciplines and industries.
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