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Summary

O°®-alkylguanine-DNA-alkyltransferases (AGT, OGT or MGMT, EC 2.1.1.63) are small enzymes (<
25 kDa) involved in the DNA repair, by the removal of alkyl groups on O®-position of guanines,
through an irreversible single-step reaction (Pegg, 2000). The peculiar mechanism led to the
development of useful biotechnological tools for the specific labelling of proteins (Pegg et al.,
2011), e.g. the so-called SNAP-tag®technology (Gautier et al., 2008). Thanks to their wide
specificity, these enzymes are able to recognise and repair free nucleobases, even with bulky alkylic
adducts on the O°®-position (e.g O®-benzyl guanine; BG) (Keppler et al., 2003): because of the
retaining of the benzyl moiety in their active site, AGTs could be used as protein-tag for the
covalent labelling with any chemical group of interest, if previously conjugated to the BG’s
benzylic group (Huber et al., 2004). However, despite the SNAP-tag® technology being a powerful
tool, it has some limitations both in terms of the enzyme and of the relative BG-derivative
substrates. In fact, given the mesophilic nature of this protein-tag, the general use of this approach
is restricted to mild reaction conditions and mesophilic model systems. Furthermore, apart from
commercially available BG-derivatives, the synthesis of ad hoc substrates has the disadvantage of

tedious and complex purifications.

To overcome these limitations and in the context of expanding the biotechnological applications of
SNAP-tag®, during my PhD I focused my activity on: i) the identification and characterization of a
novel hyper-thermostable AGT from the archaeon Pyrococcus furiosus, in collaboration with the
group of Prof. Michael Terns (University of Georgia) for the in vivo studies of proteins involved in
the CRISPR Cas system (Chapter I); ii)the improvement and expansion of the SNAP-
tag®technology, with an innovative chemo-enzymatic approach (Chapter 1), in collaboration with
Prof. Alberto Minassi (University of Piemonte Orientale); iii) the set up and characterization of a
new one-step labelling and immobilization system (the anchoring and self-labelling protein-tag-
ASL"™), in collaboration with Dr Clemente Capasso (National Research Council of Italy - IBBR)
(Chapter I11).

Chapter |

The growing demand to apply a protein-tag to extreme conditions, especially in organisms living at
very high temperatures, led us to look for new proteins from hot sources. Recently, the group of Dr



Perugino focused its attention on this aspect, aim to improving the SNAP-tag® technology, acting
on the enzyme. Consequently, an AGT from the archaeon Saccharolobus solfataricus (SSOGT) was
first characterized. Furthermore, while the enzyme has been demonstrated to remain stable at high
temperatures and in physical and chemical denaturing agents (Perugino et al., 2012, Vettone et al.,
2016), it is subsequently engineered to achieve a more active enzyme (SsSOGT-H? variant).

In order to studyin vivo CRISPR-Cas immune systems inthe hyperthermophilic archaeon
Pyrococcus furiosus (Pfu) (Terns and Terns 2013), with an optimal growth temperature of >100 °C,
| identified, expressed and characterized the PfuOGT, following the same strategy used before for
SsOGT (Perugino et al., 2012). PfuOGT displayed different enzymatic reaction rate and different
stability from SsOGT. Apart from the DNA repair activity measured for this enzyme, a very high
thermophilicity and thermostability was also confirmed, far exceeding the same measured
biochemical parameters of the Saccharolobus counterpart (Perugino et al., 2012; Perugino et al.,
2015). This data together proposed PfuOGT as a promising tool for the in vivo analysis and function
of proteins of interest in (hyper)thermophilic model systems.

During the last part of my PhD program, | started working on the engineered version of PfuOGT
protein, aimed to obtain a DNA binding-less mutant, by following the same approach used for
SsOGT-H® (Gautier et al., 2008; Perugino et al., 2012). After the identification of the residues
involved in the DNA binding activity, we prepared a synthetic gene to be replaced in the PfuOGT
wild-type plasmid vector. From first analysis in terms of expression level, results encouraged us that
the protein has been successfully expressed in E. coli cells and it was stable at high temperatures (>
80 °C) in crude cell extract context.

The advent of Covid-19 emergency drastically slowed down our research activity. However, this
protein will be characterized in the near future and tested by Prof. Terns and his group as protein-
tag, to study the CRISPR-Cas system proteins in vivo in the already obtained Pyrococcus furiosus

ogt- knock-out strain (KO).

Chapter 11

SNAP-tag® technology is a powerful technique for the covalent labelling of a protein of interest
with a desired chemical group (BG-derivatives), without affecting its activity and stability.
Although commercially available or ad hoc produced, the synthesis and purification of each BG
substrate are necessary, increasing time and costs. Moreover, the risk of lower affinity and catalytic
activity of these tags with new or customized BG-derivatives cannot be underestimated. To get over

this issue, | proposed a modification of the SNAP-tag® technology, by developing achemo-
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enzymatic approach with a selected azide-based BG-substrate (BGSN), chemically synthesized by
Prof. Minassi of University of Piemonte Orientale “Amedeo Avogadro” (UPO) and his group. This
approach is based on the SNAP-tag® enzymatic reaction as first step, followed by the extremely

specific Huisgen-type Cu(l)-catalysed cycloaddition (Cu-4AC, or “click-chemistry” reaction,).

First, | tested the BGSN with the commercial SNAP-tag® and the thermostable SSOGT-H?: both
enzymes were active and still correctly folded upon enzymatic reaction, allowing a sufficient
exposure to the solvent of the azide-moiety covalently linked to the catalytic cysteine, and leading
to the subsequent labelling of both proteins with different alkyne-based fluorophores by click
reaction, as in the presence of in vitro and in vivo “perturbing” proteins, like in E. coli lysates as
well as in eukaryotic cells. The sufficient solvent exposure of the azide group was also confirmed
by the Molecular Dynamics analysis, in collaboration with Dr Miggiano of UPO. This new
procedure allowed also the direct immobilization of these protein-tags on Bio-Layer Interferometry
(BLI) solid surface, avoiding any steric hindrance. BL1I is an optical analytical technique that allows
the measure of the interactions between an immobilized (ligand) and a free molecule in solution
(analyte). Since alkyne-derivative sensors are not currently commercially available, | necessarily
had to functionalize the sensor with a bi-functional linker, in order to expose an alkyne group to the
solvent. The sensorgrams obtained by the BLI showed that only the protein linked to the azide-
substrate was covalently immobilized on the sensor, while the free protein and the only sensor had
no obvious signal.

In order to set up a more efficient and safe copper-free reaction, | used Dibenzocyclooctyne
(DBCO)-derivative chemical groups for the chemo-enzymatic approach: these compounds can
covalently bond the azide-moiety conjugated to the protein substrate (BGSN) and tested on both
SNAP-tag® and H® evaluating the enzymatic reaction which occurred between protein and BGSN,
as well as the cycloaddition in terms of reaction rate. Moreover, in collaboration with the group of
Prof. Leonardi (University of Naples “Federico 11”’), we tested the novel approach on an eukaryotic

cell model for fluorescence imaging approach.

Finally, | demonstrated that splitting the SNAP-tag® reaction into two fast and highly specific steps
does not affect the overall rate and efficiency of the protein labelling. Thus, this approach could
offer the advantage to prepare only one universal substrate (taking also into account of a unique
reaction rate) and by employing an infinite number of commercially available and inexpensive
DBCO-based compounds, without the need of any other purification, reducing time and costs for

the protein labelling and offer several possible biotechnological applications.



Chapter 111

It is known that the immobilization of enzymes is important to overcome the instability in harsh
operational conditions and to improve their recycling and utilization in biotechnological
applications (Zhou et al., 2013). The bacterial cell surface-display of enzymes and their direct
immobilization represent one of the most interesting approaches (Samuelson et al., 2002;
Daugherty, 2007).

During my first and second year, | focused my activity on the ASL™9, formed by the amino-terminal
domain of the transmembrane ice nucleation protein (INP), from the Gram-negative
bacterium Pseudomonas syringae (Cochet and Widehem 2000; Gurian-Sherman et al., 1993),
and the thermostable protein-tag SSOGT-H?®. | have characterized and tested this innovative protein-
tag alone and in fusion with thermostable enzymes: B-glycoside hydrolase from S. solfataricus
(Moracci et al, 1996) and the a-carbonic anhydrase from Sulfurihydrogenibium
yellowstonense (SspCA) (Del Prete et al., 2017; Capasso et al., 2012) in collaboration with Dr.
Capasso of the Institute of Biosciences and BioResourses (IBBR-CNR). | demonstrated that the
presence of this novel tool does not affect the activity of both enzymes fused to the ASL™9, and the
presence of this thermostable tag enhanced the SspCA thermostability, compared to its counterpart
directly fused to the INPN.

In the last part of my PhD, | worked on developing a novel ASL™® (hereinafter ASL™®%?) system,
based on the Halotag® protein, a haloalkane dehalogenase with a genetically modified active site,
which reacts irreversibly with primary alkyl-halides (Los et al., 2008; England et al.,
2015). Obtained data demonstrated that the new ASL™also led to the expression and the
immobilization of enzymes on the outer membrane of bacteria cells, and the presence of
the protein-tag moiety, reacting with a fluorescent substrate, allowed the quantitative determination
of the fused enzyme and its localization by gel-imaging techniques. Subsequently, ASL™ and
ASL™2 have been successfully co-expressed in the same bacteria, presenting different orthogonal

specificities, and allowing the contemporary labelling of protein-tag systems.

As part of my PhD activity, | was involved and | contributed to set up a novel AGTs assay using

DNA triplex-based substrates (see paragraph 1.1 in Chapter | and List of scientific publications).



Preface

DNA direct repair activity upon alkylation damages

It is well known that the maintenance of genome integrity is essential for the survival of living
organisms under different conditions. The nature of DNA and the processes to which it is subjected
to, above all replication and recombination, continually expose it to various types of damage
(Figure 1). As result, the cells set up different mechanisms for tolerating or repairing these events
(Liu et al., 2006; Sharma et al., 2009). However, the malfunction of these systems and the
maintenance of errors inside its structure may interfere with DNA metabolism and natural functions
(Lindahl et al., 1993; Friedberg et al., 2003).

DAMAGING Alkylating Replication
AGENTS UV light agents Errors X-rays

Pyrimidine Single-strand Mismatch ~ Double-strand
dimers break break
L ) | ] ) J
REPAIR SYSTEM | Nucleotide- Base-excision Mismatch  Recombinational
excision repair repair repair repair
(NER) (BER) (HR,E])

Figure 1. Schematization of different damages and repair systems. On top, the best-known examples of damaging

agents and the relative effects on the DNA. At the bottom, the respective repair systems

Because of its medical interest, the alkylation damage is still under study. In fact, alkylating agents
are mutagenic molecules commonly used as therapeutic drugs in the treatment of cancer, which
induce alkyl modification on DNA, but they are also present in the environment or produced inside

cells as metabolic products. More specifically, they can induce DNA alkylation in several positions,
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including the O° of guanine (0%-MG; 6% of adducts formed), the N’ of guanine (N’-MG; 70%), and
the N3 of adenine (N3-MA; 9%) (Liu et al., 2006, Mattossovich et al., 2020), which can lead to
replication and transcription arrest or apoptosis. In particular, the alkylation of guanine (O%-AG) is
particularly cytotoxic, because the O%-AG incorrectly pairs with thymine generating a transition
from G:C to A:T (Leonard et al., 1990, Singer et al., 1976) presenting potential injurious
implications for the cells.

Differently from conventional multi-enzymatic DNA repair systems, alkylated DNA can be directly
repaired by the activity of the O-alkyl-guanine-DNA-alkyl-transferases (AGTs or OGTs) or O°-
methyl-guanine-DNA-alkyl-transferases (MGMTS).

The AGTs are small enzymes (17-22 kDa) that are evolutionarily conserved in organisms of the
three domains of life (bacteria, archaea, eukaryotes) (Pegg, 2011). Starting from the available 3D
structures, AGTs consist of two domains connected by a large loop (Daniels et al., 2000): i) the
highly conserved C-terminal domain contains the active site pocket where the catalytic cysteine
(Cys145) is sited, and the DNA-binding domain, a Helix-Turn-Helix (HTH) motif, which binds the
minor groove of the DNA double helix (Wibley et al., 2000); ii) the N-terminal domain, the most
different moiety among species, which has a structural and regulatory role.

Despite the simplicity of the structure, what most characterizes AGTSs is their peculiar reaction
mechanism. First, the protein recognizes the single damaged base, with a still unclear mechanism,
probably migrating along the DNA; then, AGT actively initiates the flipping-out of the injured
nucleotide by sensing the distortion caused by an incorrect match (Duguid et al., 2005). After that,
the alkyl group is correctly disposed in a hydrophobic pocket in the active site (Vora et al., 1998),
the formation of a thiolate anion via proton transfer on the Cys145 occurs. At this point, the alkyl
group is irreversibly transferred to a highly reactive cysteine by an irreversible one-step SN»-like
mechanism (Tubbs et al., 2007) (Figure 2, middle).
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Figure 1. The AGT reaction mechanism. AGT protein is in grey (on top), with the catalytic cysteine (Cys) structure

%

highlighted. The enzyme recognizes the methyl-guanine nucleobase and through the irreversible reaction, the methyl
group is transferred to the Cys and the repaired guanine is reinserted into the DNA double helix. At the bottom is a

schematic representation of alkylation damage and lesion repair on the DNA.

Upon reaction, whereas the repaired nucleobase is release and returns in the DNA double helix, the
protein in its alkylated form is destabilized and rapidly degraded.

However, because of lack of data on the destabilized protein, which makes any biochemical studies
very limited, the exact molecular mechanism of AGT destabilization is still under study (Brunk et
al., 2013). What is known is that the AGTs can perform only one reaction before being degraded via
the ubiquitin/proteasomal system (Srivenugopal et al., 1996, Xu-Welliver et al., 2002). For this
reason, they are defined as suicide or kamikaze proteins, with a 1:1 stoichiometry of their reaction
with the natural substrate (Gerson, 2004; Tubbs et al., 2007).

Since alkylating agents are the principle first-line chemotherapeutic agents used for the treatment of
recurrent high-grade gliomas and have also been used to treat advanced malignant melanoma and
other solid tumors (Fan et al., 2013), the importance of studying this class of proteins cannot be
underestimated. In 1991, A.E. Pegg discovered the human AGT (hMGMT) (Pegg et al., 1991),

which normally protects cells from cytotoxic effects, but on the other hand, it counteracts



chemotherapy treatments by preserving cancer cells from the killing effect of alkylating drugs
(Gerson, 2002; Kaina et al., 2019). This is because, in a condition of cellular damage as in tumors
under treatment, the expression level of the hAGT is extremely high, due also to the rapid turnover
that the protein undergoes after completing the reaction. For all these reasons, many studies have
been focused on the development of NMGMT inactivators to be used in combination with alkylating
agents, resulting in a significant decrease of tumor resistance (Paranjpe et al., 2014). Particularly
significant were the O%-benzylguanine (BG), an analog of the AGTs natural substrate, in which the
methyl group is substituted with a benzyl group in the O° position, and the O®-[4-bromothenyl]-
guanine (O%-BTG, also known as Lomeguatrib), one of the most powerful hMGMT inactivators
found to date (Rabik et al., 2006; Kaina et al., 2010).

hMGMT as “biotech” tool

The introduction of these inactivators led to the development of new biotechnological tool, by using
the hNMGMT as self-labelling protein-tag. In fact, given the peculiar and extremely specific reaction
mechanism, Prof. K. Johnsson developed an engineered version called SNAP-tag® (Mollwitz et al.,
2012; Gronemeyer et al., 2006) (as briefly described in Summary). All his technology is based on
the reaction that SNAP-tag® performs with part of its substrate. Starting from the BG, several
derivatives have been produced for this tool. These molecules are composed of a constant part,
represented by the O®-benzyl-guanine, and a desired chemical group conjugated to the benzyl
moiety. Most of these BG substrates are used for cell imaging applications, therefore they are
characterized by the presence of a fluorescent or a quencher group bound to the benzyl ring of the
substrate. A classic example is SNAP-Vista® Green (SVG) from the New England Biolabs,

presenting a fluorescein group (Figure 3).
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Figure 2. SNAP-Vista® Green substrate (NEB).



Extremophiles and thermophilic organisms: thermostable AGTs

Organisms that live in conditions considered extreme for all life forms we know are defined
“Extremophiles” (Rothschild and Mancinelli, 2001). These organisms dominated the evolutionary
history of the planet, in fact, their origins probably date back to millions of years ago when the
Earth was far from hosting the life forms we are used to thinking, and today they still populate those
uncomfortable environments (Canganella and Wiegel, 2011). Most of the extremophiles belong to
the Archaea domain (Woese CR et al., 1990), showing some traits that are peculiar and differ from
those of Bacteria and Eukarya and others that are shared, as DNA replication and translation.
Archaea are commonly classified based on their lifestyle and habitat, but of particular
biotechnological interest are those who live at high temperatures: Thermophiles. As observed in
organisms living under mesophilic conditions, the genomes of thermophilic and hyper-thermophilic
organisms are attacked physically and chemically by environmental and endogenous alkylating
agents. In addition, high temperatures may accelerate the process of alkylation, leading to DNA
breaks (Valenti et al., 2006, Mattossovich et al., 2020). Thus, the presence of AGTSs in
(hypen)thermophilic organisms implies that these proteins play a crucial role in protecting genome

stability and allow cell survival (Leclere et al., 1998; Skorvaga et al., 1998).

Among thermophilic archaea, the Saccharolobus solfataricus (previously known as Sulfolobus
solfataricus) AGT (SsOGT) has been extensively characterized by Perugino and co-workers, even
considering that differing from other thermophilic homologues, the protein heterologously
expressed in E. coli is soluble, very stable and easy to purify (Perugino et al., 2012).

The open reading frame (ORF) n. SS02487 encodes a protein of molecular mass 17 kDa,
biochemically characterized and classified as O%-alkylguanine-DNA-alkyltransferase (Perugino et
al., 2012). Structural highly similar in C-terminal domain to hMGMT and others, SSOGT has a high
thermal stability and a maximum activity at 80 °C, but is also active even at lower temperatures. It
is able to work under various reaction conditions such as pH extremes (5.0 - 8.0), high ionic
strength (up to 2M NaCl) and in the presence of detergents (Perugino et al., 2012).

The biochemical characterization of SSOGT was carried out through the development of an
innovative assay, based on the use the commercial fluorescein derivative SVG. Given the
stoichiometric ratio of 1:1 between protein and substrate, the amount of covalently bound probe is a
direct measure of protein activity. This made it possible to calculate the kinetic constants for this
molecule and measure the activity of SSOGT on its natural substrate (methylated DNA) (Perugino et
al., 2012).



Aim of the thesis

SNAP-tag® is a powerful tool with wide applications; however, this technology has some
limitations: this technology is suitable only for mesophilic model organisms and mild reaction
conditions, and the synthesis of ad hoc substrates needs tedious and complex purification
procedures.

This thesis is directed to get over these issues and to expand the biotechnological application
potential of the SNAP-tag®. This aim was pursued by two strategies: acting on the enzyme, by the
exploitation of homologous activities from extremophilic sources; and acting on the substrate, by

the set-up of a novel approach.

Acting on the enzyme

In part of my thesis (Chapter | and Chapter 1l1), | addressed my work to the identification and
characterization of a novel AGT from the hyperthermophilic organism P. furiosus, in order to
expand the biotechnological potential of the SNAP-technology from “mesophilic” applications to in
vivo and in vitro studies in extreme model organisms or in those processes that require non-
moderate reaction conditions, and to the characterization of a novel immobilization and labelling

tool.

Acting on the substrate

In another part of my thesis (Chapter II), | focused my activity to the set-up of a novel approach to
the SNAP-tag® reaction, by a chemo-enzymatic approach, which splits the reaction in two fast and
extremely specific steps. The enzymatic reaction is performed by use of a selected azide-based BG-
substrate, which allows the chemical step with a DBCO-based molecule via cycloaddition (or click-
chemistry) reaction. | demonstrate that all the problems related to purification procedures can be
bypassed by the utilization of a universal azide-derivative substrate, which is sufficiently exposed to

the solvent to link any DBCO-molecules without affecting the reaction rate of the SNAP-tag®.
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Chapter I: (hyper)thermophilic protein-tags
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In this first chapter, the identification and biochemical characterization of an AGT from the
hyperthermophilic archaeon Pyrococcus furiosus (Pfu) are described. This project is in
collaboration with Professor M.P. Terns of the University of Georgia (USA) and it aims to find a
(hyper)thermostable protein-tag to study in vivo the CRISPR-Cas immune systems in P. furiosus.

Briefly, here is illustrated a general introduction on the SNAP-tag technology and the first
characterized “thermostable SNAP-tag” from Saccharolobus solfataricus. Successively, there are
reported the obtained results from the identification and characterization of the PfuOGT, describing
its thermostability and repair activity on methylated DNA, as well as its activity on BG-derivative

substrates.

These data have been published in Extremophiles journal (https://doi.org/10.1007/s00792-019-
01134-3), together with another AGT identified with the same approach in Thermotoga neapolitana
(TnOGT).

Extremophiles (2020) 24:81-91

https://doi.org/10.1007/s00792-019-01134-3
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1. Introduction

Monitoring and studying the behavior of proteins within a cellular context is essential to carry out
their role within the cell. Protein-tags are short or long peptide sequences genetically fused to
recombinant proteins for various purposes, as affinity purification, protein localization and general
labelling procedures. The labelling of a protein of interest (POI) is possible thanks to the various
available tags, such as peptides or proteins, which are generally fused with the POIs. Most of these
not only label the protein of interest but determine its better solubilization, avoiding aggregation
and misfolding, e.g. maltose-binding protein (MBP), and glutathione S-transferase (GST)
(Mattossovich et al 2020). With the introduction of a plethora of fluorescent proteins, the in vivo
cell biology scenario has really changed (Mattossovich et al., 2020; Chalfie et al. 1994; Tsien 1998;
Aliye et al. 2015). However, although fluorescent proteins (FPs) are intrinsically fluorescent
without the addition of any external substrate, they have some disadvantages: the relatively large
dimensions and the sensitivity to environmental changes (pH or the absence of O) affect the
formation of the internal natural fluorophore (Ashby et al., 2004; Campbell and Choy 2000). On
the contrary, the development of self-labelling protein-tags (SLPs) opened to new possibilities to
analyse POls, both in vitro with SDS-PAGE fluorescence scanning and in vivo (Hinner and
Johnsson, 2010; Kosaka et al., 2009). SPLs are small enzymes that react covalently with their
substrate and possess the advantages of high specificity and reaction speed, allowing the use of
available commercial substrates or synthetized/customized ones. (Hinner and Johnsson, 2010). The
best-known SLPs are the HaloTag®, derived from the haloalkane dehalogenase (Los et al., 2008),
the SNAP-tag® (Keppler et al., 2003) and the CLIP-tag® (Gautier et al., 2008).

1.1 The SNAP-tag® technology

SNAP-tag® derives from hMGMT and was first introduced in 2003 by Prof. K. Johnsson (Mollwitz
et al., 2012; Gronemeyer et al., 2006), and successively commercialized by New England Biolabs
(NEB; https://international.neb.com/tools-and-resources/feature-articles/snap-tag-technologies-
novel-tools-to-study-protein-function).

Due to the peculiar irreversible reaction mechanisms and to the low substrate specificity of the
AGTs, this class of enzymes can be therefore exploited as biotechnological tool for the specific
labelling of proteins (Pegg A.E. 2011). As above described, some AGTSs can efficiently recognize
free BG as substrate, as the case of hMGMT. In this way, any molecules conjugated to the 4-
position of the benzyl ring can be irreversible transferred to the catalytic cysteine residue in the
active site of the enzyme (see the Preface of this thesis and Figure 2.1 for the description of the

reaction mechanism).
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Starting from this knowledge, Johnsson followed a directed-evolution approach to engineer the
human protein and abolish any DNA binding activity, utilizing this variant as protein-tag for the in
vivo/in vitro labelling of POIs (Keppler et al., 2003, Keppler et al., 2004; Juillerat et al., 2003;
Gronemeyer et al., 2006; Mollwitz et al., 2012). The same strategy was also used by the same group
to change the substrate specificity: from the SNAP-tag® they obtained the CLIP-tag® protein, which
is active on O?-benzyl-cytosine derivatives, thus expanding the so-called SNAP-tag technology for
multi-protein labelling (Gautier et al., 2008).

Despite the numerous assays extensively described in the literature (Perugino et al., 2012; Olsson et
al., 1980; Wu et al., 1987; Klein and Oesch, 1992), the introduction of BG substrates allowed the
measurement of the AGT activity in a safer and faster manner, not only in vivo but also in vitro in
denaturing conditions, via SDS-PAGE gel-imaging analysis (Juillerat et al., 2003; Kindermann et
al., 2003). In fact, if a fluorescent probe is conjugated to this molecule, it is irreversibly transferred
to the AGT protein, labelling it in a 1:1 stoichiometry. As a consequence, the fluorescence intensity
represents a direct measure of the enzyme activity and led to the determination of kinetic
parameters for the reaction (See Figure 1.1, left side; Kindermann et al., 2003, Gronemeyer et al.,
2006). According to this method, by adding a non-fluorescent alkylated DNA to the mixture
containing the fluorescent substrate, it is possible to measure the protein affinity for its natural
substrate and to determine the half-maximal inhibitory concentration (ICso), which can be converted
to the dissociation constant for DNA (Kpna) and give an indirect measure of the methylation repair
efficiency (Figure 1.1, right side) (Kindermann et al., 2003, Gronemeyer et al., 2006; Hinner and
Johnsson, 2010). More recently, in collaboration with Prof. Ricci (University of Tor Vergata,
Rome), the group of Dr Perugino has characterized a new substrate based on DNA-triplex,
containing guanine nucleobases methylated in O°®-position (0®-MeG), which undergo a
conformational switch from a duplex to a triplex conformation upon enzymatic demethylation
(Farag et al., 2021). The advantage of this new methodology is the possibility to measure in real-

time the AGTSs’ activity directly on their natural substrate (methylated DNA).
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Figure 1.1 Fluorescent assay for AGTs. Fluorescein-O8-BG substrate could be used both for the determination of the
AGT catalytic activity, and in combination with a competitive non-fluorescent substrate (in figure is represented a
methylated double-strand DNA oligonucleotide) to indirectly measure the DNA repair activity (adapted from
Mattossovich et al., 2020).

In addition to the hMGMT protein, this fluorescent assay can be applied to most prokaryotic
orthologs, or in general to all those AGT sensitive to BG substrates. However, given the mesophilic
nature and characteristics of the hMGMT, the SNAP-tag technology is strongly linked to mild
reaction conditions and moderate temperatures. For this reason, following the same approach,
Perugino and co-workers expanded this technology to extremophilic organisms and harsh reaction
conditions. They developed a “thermo-SNAP-tag” by the production of a mutant from the
Saccharolobus solfataricus OGT (SsOGT-H?®, hereinafter H®) (Perugino et al., 2012; Vettone et al.,
2016).

1.2 SSOGT-H®

The variant H® contains six mutations, five of which are in the helix-turn-helix domain abolishing
the DNA binding activity. The sixth mutation is a substitution of a serine residue with a glutamic
acid (S132E) in the so-called active site loop, which increases the catalytic activity of the protein as
occurred in the molecular evolution of the SNAP-tag® (Juillerat et al., 2003). H® was analysed in
terms of thermal stability and compared to the SSOGT wild-type, showing a moderate reduction of
melting temperature (Tm) at high temperature, but maintaining its resistance to denaturing and

perturbing agents. But the most interesting data is that the protein activity is higher at low
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temperatures (Perugino et al., 2012; Vettone et al., 2016), proposing this thermostable variant as a
possible alternative to SNAP-tag® in biotechnological processes. For this purpose, H> mutant was
first tested as protein-tag for two thermostable proteins derived from S. solfataricus and expressed
in E. coli, without affecting their activity: a B-glycosidase (Sspgly) (Vettone et al., 2016) and the
hyperthermophile-specific DNA topoisomerase reverse gyrase (Valenti et al., 2008; Perugino et al.,
2009; Visone et al., 2017), both correctly folded. Successively, it was used as protein-tag in living
thermophilic microorganisms, such as Thermus thermophilus HB27 and Sulfolobus islandicus
E233S1, and as gene reporter in in vitro transcription/translation systems (Vettone et al., 2016;
Visone et al., 2017; Lo Gullo et al., 2019). As a matter of fact, Thermus thermophilus is an ogt®
species, showing only an alkyltransferase-like (ATL) activity (Morita et al., 2008). This class of
proteins use a helix-turn-helix motif to bind the minor groove of the DNA, but they do not present
repair activity, having the only task of recognising the lesion and recruiting proteins involved in the
nucleotide excision repair system (NER) (Latypov et al., 2012; Lahiri et al., 2018). On the other
hand, the ogt gene of S. islandicus was silenced by a CRISPR-based technique and tested as model
organism (Visone et al., 2017). Through the fluorescent assay, it was shown that the H>-tag not only
was correctly expressed and folded but maintained the activity in vivo on fluorescent substrates
even at high temperatures.

Moreover, due to the great stability of this variant, it was possible to obtain for the first time the
protein structure after the reaction with a substrate, revealing the initial destabilization of the active

site loop (in green in Figure 2.1) after the alkylation of the catalytic cysteine (Rossi et al., 2018).
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Figure 2.1 SNAP-tag® technology with H® PDB structure of SSOGT-H® (PDB ID: 4ZYE) in complex with SNAP-
Vista® Green (SVG) (PDB ID: 6GAO0). In magenta, the conformational changes of the active site loop after methylation
(PDB ID: 4ZYG) and in green after reaction with SVG. Below, a schematization of an enzyme of interest (in blue)
genetically fused to H® (in green), which can be labelled with any O%-BG derivatives.

1.3 Pyrococcus furiosus AGT

The growing demand to apply a protein-tag to extreme conditions in thermophilic bacteria and
archaea led to look for new protein from hot sources. Nowadays, there are no protein-tags for high
temperatures (apart from His-tag). In order to study in vivo CRISPR-Cas immune systems in the
hyperthermophilic archaeon Pyrococcus furiosus (Pfu) and expand the applicability of the SNAP-

tag® near the point of boiling water, P. furiosus was chosen as reference microorganism.

Originally isolated from geothermal sediments in Vulcano Island (Italy) and described for the first
time by Stetter and Fiala (Fiala and Stetter, 1986), P. furiosus is one of the best-studied
extremophilic organisms (Kengen, 2017). With an optimum of growth temperature around 100 °C,
it is one of the best sources of hyper-thermostable enzymes, most of them are currently used in

molecular biology techniques (as an example the PfuDNA polymerase | (Lundberg et al., 1991),
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with an associated 3’ — 5’ exonuclease activity for proofreading). More recently, the discovery of a
CRISPR-Cas system in P. furiosus offered new applications in biomedical and biotechnological
fields (Hale et al., 2009; Terns and Terns, 2013). In 1998 was identified by Margison and co-
workers a small protein that displays a potential AGT activity (Skorvaga et al., 1998). This was the
starting point to investigate for a putative hyper-thermostable AGT to utilize as protein-tag in vivo

at extreme temperature conditions.
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2. Results and Discussion

2.1 ldentification and structure comparison of PfuUAGT

In 1998, Margison and co-workers demonstrated the presence of an AGT activity AGT activity in
two crenarchaeotes and two euryarchaeotes, including P. furiosus, identifying a 22 kDa size band
by an SDS-PAGE fluorography assay (Skorvaga et al., 1998). Furthermore, this activity was
completely abolished by the treatment with the BG inhibitor. This information opened the
possibility of employing a hyper-thermostable enzyme as SNAP-tag® in in vivo applications. The
ORF PF1878 is relative to a 174-aa polypeptide, with an expected molecular weight of 22 kDa. As
shown in figure 3.1, the primary structure is highly related to the MGMT from Thermococcus
kodakarensis (Tk-MGMT), a well-known enzyme, in terms of structure and thermal stability
(Leclere et al., 1998; Hashimoto et al., 1999; Nishikori et al., 2005). Likewise, the putative PlUAGT
3D model showed a great homology to Tk-MGMT solved 3D structure (PDB ID: 1IMGT). This was
the starting point, which encouraged us to proceed with the heterologous expression and

characterization of this new hypothetical AGT.
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Figure 3.1 Primary structure alignment and superimposition between PfuAGT and TkodOGT (Tk-MGMT; PDB ID:
1MGT, in gray). Conserved residues and protein domains are coloured based on respective legends.
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2.2 Expression and purification

To verify and test the AGT activity, we produced and characterized the enzyme in recombinant
form in Escherichia coli cells. For this purpose, we cloned the ORF PF1878 in the expression
vector pHTP1 (NZYtech), obtaining the pHTP1/PfuAGT plasmid. The positive clones were
controlled by sequencing and the recombinant protein was successively purify by affinity
chromatography and a further gel-filtration chromatography, using a Superdex 75 10/300 GL
column, in order to improve the purity grade of the purification (as described in Experimental
procedures).

The protein was finally analysed by SDS-PAGE, in which a band of the expected molecular weight
is present (Figure 4.1), stable in PBS 1%, pH 7.0.

Purified fraction

of PfuOGT
#1 #2 #3
T

S _46kDa
+ =32 kDa
+ .« —25kDa
+ . —22kDa

—17 kDa

—11 kDa

Figure 4.1 SDS-PAGE analysis of PfuOGT. From the left, three fractions of purified PfuOGT protein after desalting
treatment. The non-canonical form of the bands is probably due to partially non-denatured protein population.
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2.3 Biochemical characterization: activity assay, catalytic activity (progress curve) and
thermal stability

The purified protein, named PfuOGT, was tested on SVG commercial fluorescent substrate (SNAP-
Vista® Green) (shown in Figure 3, in Preface), a BG conjugated with a fluorescein in O° position. In
particular, PluOGT was treated firstly at 50 °C up to 1h and showed a fluorescent band in gel-

imaging analysis (Figure 5.1).

E. Coli
BL21(DE3)
IPTG 1mM

M

Figure 5.1 PfuOGT treated with SNAP-Vista® Green substrate. In the gel-imaging analysis it is possible to appreciate a
fluorescent band corresponding to the protein of PfuOGT, after treatment with SVG substrate performed at 50°C.

This demonstrated that PfuOGT is active on BG derivative substrates, as other AGTs previously
described in the literature. Furthermore, to verify its repair activity, an inhibition assay with
methylated dSDNA (oligo sequences are listed in Table 1.1V in Materials and Methods section) was
set up. However, due to its high thermophilicity, the repair activity of the P. furiosus protein was
measurable only at 65 °C, instead of the standard procedures previously described (50 °C)
(Mattossovich et al., 2020, Perugino et al., 2015, Morrone et al., 2017). Reaction mixtures were
loaded on SDS-PAGE and competition between the SVG fluorescent substrate and the “dark”
dsDNA were analysed via gel-imaging techniques.

We demonstrated the repair activity of PluOGT by the decrease of the fluorescent signal at crescent
concentration of ds-oligo, as the methyl group initially present on the dsDNA has been transferred
to the active site of the protein through an SN»-like one-step reaction mechanism. Since the catalytic
cysteine involved in the reaction has already covalently bound the methyl group, the active site is
no longer available for the reaction with SVG (Table 1.1).
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Table 1.1. Competitive inhibition assay (ICso) in the presence of double strands methylated oligonucleotides. SSOGT
and PfuOGT proteins (5 uM) were incubated with 5 uM of fluorescent SVG substrate together with increasing
concentrations (0-10 pM) of methylated oligonucleotides. Here are reported the 1Cso values obtained for both proteins.

ICs0 (MM)

Notes

SsOGT 1.1+0.08

PfuOGT 0.88+0.10

Perugino et al., 2015

this work

The catalytic activity of PfuOGT as a function of temperature was analysed by the fluorescent assay

at various temperatures and timing conditions. Briefly, by using SVG s substrate, the PluOGT and
SsOGT (as control) activities were tested at 25, 50, 70, 80 and 90 °C. As expected, the former

displayed a strong thermophilicity, with a measurable catalytic activity only at very high

temperatures, as illustrated in the Table 2.1.

Table 2.1 Catalytic activities as a function of temperature of thermostable AGTSs, expressed as second-order rate

constant values

Protein Temperature (°C) Ks?tMY Notes
PfuOGT 25 ND this work
50 1.80 x 10° this work
70 2.83x10° this work
80 1.20 x 10* this work
90 1.50 x 10° this work
SsOGT 25 2.80 x 10° Perugino et al. (2012)
50 1.50 x 10° this work
70 5.33 x 10* Perugino et al. (2012)
80 ND this work

We investigated the thermostability of both SSOGT wild-type and PfuOGT proteins, tested in the

same conditions by the (Table 3.1) by Differential Scanning Fluorimetry (DSF) or “thermofluor”.

This technique is based on the measurement of the unfolding and aggregation of proteins in various
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conditions, through an increase of fluorescence of specialized dyes, such as SYPRO Orange
(Niesen et al. 2007). Protein samples are tested in a 96-well plate and subjected to a melting-curve
protocol using a real-time thermal cycler. Due to test conditions, proteins unfold and the fluorogenic
dye binds non-specifically their hydrophobic aminoacidic residues exposed to the solvent because
of the denaturation, resulting in an increase in fluorescence.

By DSF analysis in PBS 1X pH 7.0 condition the melting temperature (Tm) of PluOGT was 80 °C,
while the SSOGT Tm value was 68 °C. Due to its thermal characteristics and in order to obtain a
sigmoidal melting curve for PfuOGT, the heating rate of 10 min/°C x cycle was set up, whereas the
Tm value measurements were usually performed at 1 min/°C x cycle (Niesen et al., 2007) (Figure
6.1).

N
100°C  — 7 K 3
! ] ]
[..] ! / ]
/ ! ]
27°C — ——r ’
I
=1
T —~
)
g 26 °C —
£
2
25°C —
Time (min)

1 min/®Cxcycle
5 min/°Cxcycle
10 min/ ° C x cycle

Figure 6.1 Schematization of Differential Scanning Fluorimetry programs. Different coloured lines show the incubation
time per grade of the three protocols described in the main text. Respectively, in black, the protocol used by Niesen et
al., 2007 with 1 min/ °C per cycle; in blue, the protocol used by Perugino et al., 2012 with 5 min of incubation/ °C per
cycle, and in red, the protocols applied by Mattossovich et al., 2020, in which an incubation time of 10 min/ °C per

cycle was needed to determine the T of PluOGT protein.

In addition, PfuOGT and SsOGT were tested in high ionic strength conditions and in presence of
detergents. What we have observed is that the Tm value of PluOGT was negatively affected by the
high salt concentration, whereas SSOGT has shown an increase in its Tm. On the contrary, the Tm of
PfuOGT decreased only of 10 °C in the presence of denaturing agent (in this case SDS), while
SsOGT Tm dropped by 22 °C (Mattossovich et al., 2020).
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Table 3.1 Protein thermal stability by DSF method.

Conditions T, (°0) Rate (min/°C x cycle) Notes
S$s0GT PBS 1x 80.0+0.4 5 From Perug-
ino et al.
(2015)
PBS 1x 679+1.1 10 This study
PBS 1x; NaCl 1.0 M 79.6+0.3 10 This study
PBS 1x; NaCl 4.0 M 829+0.4 10 This study
PBS 1x; SDS 0.01% 46.5+1.7 10 This study
PfuOGT PBS 1x 78.8+0.4 10 This study
PBS 1x; NaCl 1.0 M 83.7+0.3 10 This study
PBS 1x; NaCl 4.0 M 50.4+2.1 10 This study
PBS 1x; SDS 0.01% 71.8+0.3 10 This study

T, values were obtained by plotting the relative fluorescence intensity as a function of temperature. Data
were achieved from three independent experiments

3. Conclusions and perspectives

The results described in the previous paragraph indicate that the ORF PF1878 of P. furiosus JFW02
strain actually encodes an AGT protein, which is sensitive to the BG substrates and presents a DNA
repair activity on alkylating agents. Furthermore, its thermostability was confirmed by DSF
analysis, showing also different stabilization strategies that occur in its structure, if compared to the
S. solfataricus homologue, and underlining its potential role as hyper-thermostable protein-tag in
living (hyper)thermophilic organisms.

These results also opened remarkable avenues for the further development of a “hyper-
thermoSNAP-tag”: from this wild-type version, the aim has been to proceed with an in silico
approach to identify the residues to be engineered, as done before with S. solfataricus H®.

In the last part of my PhD, | compared sequences and 3D structures of SSOGT wild-type, H°
mutant, Tkd-MGMT and PfuOGT proteins, identifying several aminoacidic residues involved in the
DNA binding and in the catalytic activity. Successively, | expressed and purified the PfuOGT
mutant and, from preliminary data, | may affirm that this variant maintained the stability and

activity of the wild-type. Moreover, from experiments with methylated ds-oligonucleotides, |
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demonstrated the inability to bind the DNA. Therefore, the identified and selected mutations
actually allowed the generation of a non DNA-binding version of the PfuOGT protein.

The further steps will be the construction of an ogt-KO P. furiosus strain by the group of Prof.
Terns, the in vivo validation of the PfuOGT DNA binding less mutant and the consequent
expression and purification the corresponding protein. Finally, a biochemical characterization in
terms of activity and thermal stability will be necessary, as well as complementation experiments of
the PfuOGT mutant in the ogt-KO P. furiosus strain, to actually determine if the protein could be
considered the first hyperthermophilic protein-tag hereto discovered and characterized.

The knowledge acquired in recent years on AGTs and their use in modern biotechnologies allows
the development of a “workflow” aim to optimize this protein-tag for different needs (Figure 7.1).
In the case of model organisms thriving in extreme conditions of temperature, salinity, pressure,
etc., in which the commercial SNAP-tag® is not particularly suitable, it would be possible to
imagine an identification of a relevant AGT and, through mutagenesis, obtain a “SNAP-tag-like”
tool. This strategy has to necessarily take into account the fact that this identified AGT should be
sensitive to O®-BG derivatives: some members of this family, such as E. coli AdaC, are resistant to
the action of O®-BG (Elder et al., 1994; Goodtzova et al., 1997). In parallel, it is possible to perform
an ogt gene deletion in the model organism, in order to eliminate any endogenous activity. This
workflow was successfully realised in thermophilic microorganisms, such as the archaeon S.
islandicus (Visone et al., 2017) and in the bacterium T. thermophilus. In the latter case, it was not

necessary to eliminate the ogt gene, because this organism lacks the gene (Vettone et al., 2016).
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Chapter I1: Evolution of the SNAP-tag
technology
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In this chapter, the introduction and characterization of novel chemo-enzymatic approach for the
SNAP-tag® technology is described. This project is in collaboration with the group of Prof. Alberto
Minassi (University of Piemonte Orientale) and with Prof. Antonio Leonardi (University of Naples
“Federico II™).
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1. Introduction

Although many BG-substrates for the SNAP-tag technology are commercially available, the
possibility of conjugating infinite molecules to the 4-position on BGs leads to the synthesis of ad
hoc substrates. This is generally possible through the reaction of “BG-building block” (e.g. the
amine-reactive BG-NH2) with NHS-ester derivative compounds. However, this step is plagued with
the main disadvantage to purify the final compounds to avoid the risk of contamination between
chemical species in the mixture, increasing the times and costs of the experiments (Figure 1.11 A).
Furthermore, the presence itself of chemical groups conjugated to BG could affect the reaction
efficiency (Figure 1.11A) (Moschel et al., 1992; Terashima et al., 1997; Sun et al., 2016).

These limitations are overcome with a new chemo-enzymatic approach (combining an enzymatic
reaction to a chemical one, each possessing a very high specificity), which proposes only one and
universal BG-substrate associable to a unique enzyme reaction rate before proceeding to a highly

specific click-chemistry reaction (Figure 1.11 B).

1.1 The Click Chemistry

The term “Click Chemistry” was introduced by Kolb and co-workers in developing a chemical
mechanism aimed at the rapid synthesis of useful new compounds. It describes the selective
reaction that occurs between a pair of functional groups, such as terminal azide-alkyne (also known
as azide-alkyne Huisgen cycloaddition reaction), in aqueous conditions (Kolb et al., 2001). The
reaction they thought about is modular, wide in scope and generates high yields of products,
moreover, it should have easily available reagents and at the end of the reaction the product should
be simply isolated from the rest of the mixture (Kolb et al., 2001). To date, the concept of Click
Chemistry is related to specific coupling procedures between two molecules (Sletten et al., 2009;
Jewett et al., 2010), and it is used in different fields of biosciences (Xie et al., 2013; Su et al., 2013;
Zeng et al., 2013). One of the most popular applications of Click Chemistry, apart from chemical
synthesis, is the labelling of biomolecules, both in vivo and in vitro, for biomedical studies (Kim E.
and Koo H., 2019). This type of reaction is well suited for this purpose, as it requires very mild
reaction conditions, which can occur in the physiological environment of the biomolecule to be
studied.
Among the plethora of possible reactions, the best known and used are:

1) Copper or Cu(l)- catalysed Azide-Alkyne reaction (CUAAC)

2) Strain-promoted Azide-Alkyne reaction (SPAAC)
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Cu(l)-catalyzed Azide-Alkyne reaction (CUAAC)
The reaction occurs between Azide- and Alkyne-functionalized molecules, forming a stable

conjugate via a Triazole moiety. However, the low reactivity of Alkynes towards Azides makes the
presence of a metal catalyst (such as copper) necessary (Presolski et al., 2011; Hong et al., 2009).
Moreover, using CUAAC in live cells presents a big problem, because of toxicity related to copper
or other metals. To overcome this limitation, the technique is evolved to SPAAC protocol (Jewett et
al., 2010).

Strain-promoted Azide-Alkyne reaction (SPAAC)

These reactions rely on the use of strained cyclo-octynes possessing lower activation energy and a
faster second-order reaction rate, in contrast to terminal Alkynes under aqueous conditions without
a catalyst (Debets et al., 2010; Debets et al., 2011; Ess et al., 2008). Various cyclo-octyne
derivatives have been developed, but most of SPAAC reactions are actually based on Di-benzo-
cyclo-octyne (DBCO), which combines high reactivity with hydrophilicity (Debets et al., 2010;
Kuzmin et al., 2010). As the precedent class of click-chemistry reaction, Azide-DBCO is highly
selective and suited for multiple labelling approaches, and because it is copper-free, it also suitable

for in vivo cell imaging analysis (Yao et al., 2012) and drug target studies (Kim and Koo 2019).

1.2 The novel approach

Starting from this knowledge, part of my PhD research activity focused on the implementation of
SNAP-tag® technology, by introducing a novel chemo-enzymatic approach that employs a
universal azide BG-derivative substrate, that can be easily coupled with a potentially infinite
number of commercially available DBCO-based molecules, through the Huisgen SPAAC reactions
(Merlo et al., 2021).
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Figure 1.11 Single-step reaction vs chemo-enzymatic approach. (A) The SNAP-tag® technology is based on BG-
derivatives to synthesize and purify singularly, although it does not avoid that the conjugated chemical group (green
sphere) could affect the enzymatic reaction rate. (B) The SNAP-technology revised uses a unique and universal azide
BG-derivative (azide group in magenta), converting SNAP-tag® in a “clickable” form, ready to a fast and efficient
SPAAC with DBCO-based chemical groups. POI, protein of interest genetically fused to the SNAP-tag®.

2. Results and Discussion

2.1 Substrate specificity of AGTs on BG-based substrates

To investigate the substrate specificity of the commercial SNAP-tag® and H® proteins, we first
evaluated their activity on several O°-guanine-derivatives (Table 1.11). Because different substrates
tested were non-fluorescent compounds, we performed a AGTS’ competitive inhibition assay by
using the fluorescein-derivative SNAP-Vista® Green as substrate (SVG) (Perugino et al., 2012;
Perugino et al., 2015; Vettone et al., 2016; Visone et al., 2017). As previously described, the
reaction of an AGT with SVG led to the fluorescent labelling of the protein, which can be visualised
as a fluorescent band in gel-imaging analysis. The increasing of amounts of the non-fluorescent
competitor in the reaction leads to a decrease in the fluorescent signal, which can be measured and
plotted for the ICso values determination (Perugino et al., 2015; Morrone et al., 2017). As shown in
Table 1.11, the two enzymes presented different behaviours versus these competitors, irrespective of
dimension and/or polarity of the conjugated chemical groups (Merlo et al., 2021). For example,
SNAP-Cell® 430 (BG430) completely lost the competition with SVG, whereas both enzymes are

extremely active on the SNAP Cell® Block (SCB), displaying the lowest ICso value measured. This
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result can be explained because SCB has very similar structure to the Lomeguatrib, which is one of
the most efficient inhibitors of the hMGMT protein and employed in the cancer treatment in
combination with alkylating agents-based chemotherapeutics (Ranson et al., 2006). In general, all
commercially used compounds (SVG, SCB, BG430, and BG-PEG-NH_, BGPA) are good substrates
for SNAP-tag® and H® enzymes. However, some risks of lower reaction rate may occur in using
customized substrates. This was the case of methyl-guanine-PEG-NH, (MGPA), an O°-
methylguanine derivative used for the immobilisation of SNAP-tag® on nanoparticles (Colombo et
al., 2012). This has not proved to be a good substrate, in fact, SNAP-tag® and H®> completed the
labelling only after an over-night incubation at 4 °C (Colombo et al., 2012) and 65 °C, respectively.
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Figure 2.11 ICs experiment on O®-PEG-Gu substrate.

2.2 Molecular modelling on the H® with BG-azides

Recent studies were focused on the synthesis of alternative “BG-building blocks” to produce SNAP
substrates in an easier and faster way. Some of them are the alkyne substituted O®-BG, which was
employed with azide-based fluorescent probes for the synthesis of compounds (Song et al., 2015)
and the O®-BG-N3 (BGN3) (Figure 4.11 panel A, on top) for the conjugation with alkyne-based
chemical groups (Zhang et al., 2011). Assuming that proteins are not static and the amino acids
side-chain movements could prevent the click-chemistry reaction, BGN3 and a new azide-based
compound (BGSN3), that differs for the length of the chemical spacer, were analysed in a covalent
complex with H® protein by the group of Prof. Alberto Massarotti (University of Piemonte
Orientale) with Molecular Dynamics (MD) simulations using the Desmond package (see Materials
and Methods), in order to determine which substrate was more prone to the labelling. The S.
solfataricus protein was chosen as model because of its properties, which benefit crystallization,

and the structures of wild-type and H® already registered in PDB databank (PDB IDs: 4ZYE and
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6GADO, respectively). The complexes were simulated for 100 ns at 300 K using a standard protocol.
The MD results were analysed in terms of Solvent Accessible Surface Area (SASA) of the
compounds: more time the compounds are exposed to the solvent, the higher is the possibility to
react (Ferraris et al., 2014). In Figure 3.11 is reported the simulation models of the H® protein in
complex with BGN3 (panel A) and BSGN3 (panel B). As expected, the BGN3 is less exposed to
the solvent with a SASA value of 32.967 + 18.573 A?, while BGSN3 shows a higher SASA value
68.302 + 32.455 A2,

Figure 3.11 Model simulation of H%-probe complexes. A) Structural docking from two different slants of H® protein
with BGN3 substrate (orange). B) Structural docking of H® protein with BGSN3 substrate (green). In magenta, the

azide group.

Thus, the simulation confirmed our biochemical data, proposing the BGSN3 as a better substrate for

our chemo-enzymatic approach (Merlo et al., 2021).

2.3 In vitro reaction of engineered AGTs with BG-azide substrates

To analyse the enzymatic reaction of SNAP-tag® and H®, we tested the proteins directly on BGN3
and a new synthesized BG-derivative containing a spacer between the benzyl-ring and the azide
group (BGSN3) (Figure 4.11 panel B, on top), and the resulting values were plotted for the
determination of 1Cso values. As can be seen from the 1Cso values in Table 1.1l and visually from
Figure 4.11, the two substrates have an affinity for SNAP-tag® and H® proteins comparable to those

commercially available.
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Table 1.11. Substrate specificity of SNAP-tag® and H® on different BG-derivative substrates. Here are listed 1Cso values,
obtained by competitive inhibition assay (ICso), and second-order rate constants of the enzymatic reaction of SNAP-
tag® and H® proteins, only on SVG and BGSN3 substrates.
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Figure 4.11 ICs plots of the competitive fluorescent inhibition assay. SNAP-tag® and H® were incubated with BGN3
(A) and BGSN3 (B), using SVG as competitive substrate (see 1Cso values on Table 1.11). Values obtained from three

independent experiments.
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Upon the reaction with both the azide-substrates, an equimolar amount of SVG was added to the
mixtures, followed by SDS-PAGE gel-imaging, where no fluorescent signal was obtained, thus
confirming that the catalytic cysteine was irreversibly blocked by the benzyl-azide moiety.

After, to assay the click-chemistry, H®> was tested with BGN3 and BGSN3 substrates and then the
cycloaddition reaction using an alkyne-derivative of the fluorescein (BDP FL alkyne) was
performed (Figure 5.11). However, the use of BGN3 led to a less efficient chemical reaction (Figure
5.11 panel A, lane 2), in which the complete labelling of the protein was achieved only in the
presence of SDS during the cycloaddition step (lane 3). This data suggested that the protein is still
folded after the enzymatic reaction and the azide is hidden in the active site core, but becomes
accessible only after the addition of denaturant, favouring a better exposure of the azide group to
the solvent. On the contrary, using BGSN3 as substrate, the labelling of both the enzymes was
comparable to the classical reaction with SVG without any denaturing agent (Figure 5.11 panel B).
In fact, the spacer present in BGSN3 sufficiently exposes the azide group for the CUAAC reaction

(Figure 5.11 panel B, lanes 2 and 4), confirming the MD simulations.

For this reason, we decided to perform further experiments by using the longer BG-azide (BGSN3)
both for SNAP-tag® and H®, starting by the determination of the reaction rates, in order to compare
the activity of commercial BG substrates and BGSN3 (Figure 6.11 and Table 1.11).
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Figure 5.11 Gel-imaging SDS-PAGE of the chemo-enzymatic reaction with BG-azides. Proteins were first incubated in
the presence of BGN3 (A) or BGSN3 (B). After the enzymatic reaction, the fluorescent BDP FL alkyne and all

components for the click chemistry were added to the mixture. As control, each protein was incubated only with SVG.
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Figure 6.11 Reaction rates of the chemo-enzymatic approach. Pseudo-first-order reaction of protein-tags for (A) the
enzymatic reaction with BGSN3 (see k values also in Table 1.11), and of clickable-tags for (B) Huisgen reaction with
DBCO-PEG4-Fluor 545. Values given are an average of three independent measurements and data are represented as
mean £SEM.

The obtained results demonstrated that not only the novel substrate shows an activity comparable to
the other commercially available substrates but also indicates that the complete protein labelling can
be performed in less than an hour (Mollwitz et al., 2012; Gautier et al., 2008; Vettone et al., 2016).

2.4 Specificity and versatility of the chemo-enzymatic reaction

After establishing that BGSN3 was a good substrate for both protein-tags, the labelling efficiency
of the clickable-SNAP and H® by using different DBCO-based fluorophores and the specificity of
the “click” reaction were examined. We first quantitatively evaluated the rate (k) of the click
reaction by using the DBCO-PEG4-Fluor 545 fluorophore: as expected, both the clickable-tags
were labelled with the same efficiency (1.83 + 0.41x10% s M for SNAP-tag®; 1.54 + 0.39x10% st
M for H®), demonstrating that the chemical reaction is sufficiently fast and independent from the
tags (Figure 6.11, panel B). Successively, upon the reaction with BGSN3, three cycloaddition

reactions were performed with three different DBCO-based fluorophores in PBS 1x buffer. All
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click reactions were complete in ca. 3045 min (Figure 7.11, lanes 2—4), with a protein labelling as
efficient as the enzymatic reaction using the sole SVG (lane 1).
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Figure 7.11 Specificity of the Huisgen reaction. Gel-imaging analysis of SNAP-tag® labelling with BGSN3 and three
different DBCO- fluorophores. Protein (5 uM) was first incubated with 5 uM of the BGSN3 for 60 min at 25 °C; then,
an equimolar amount of DBCO-based substrate was added for the chemical click reaction. As control, SNAP-tag® was

incubated only with SVG (lane 1, signal marked with an asterisk).

To test the specificity, we added the DBCO-fluorophore to a crude protein extract from Escherichia
coli ABLE C (EcCFE) without any AGT activity (lane 5) and the sole free protein-tag in a context
of ECFCE (lane 6), all resulting in no fluorescent signal at the gel-imaging analysis. On the
contrary, previously purified clickable-SNAP (lane 7), as well as its free form in the presence of
BGSN3 (lane 8), was specifically able to complete the chemo-enzymatic reaction with DBCO
substrate, also in the presence of a perturbing environment (EcFCE).

The high specificity of the chemo-enzymatic approach was also confirmed by using the H®> enzyme

in the same and above-mentioned reaction conditions (Figure 8.11). These results clearly
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demonstrated the high efficiency of our chemo-enzymatic approach for the labelling of both the
protein-tags used.
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Figure 8.11 Specificity of the Huisgen reaction. Gel-imaging analysis of H® labelling by a chemo-enzymatic approach
with BGSN3 and three different DBCO-derivative fluorophores.

2.5 Application to the Bio-Layer Interferometry (BLI)

The possibility to apply the SNAP-tag® technology to the Surface Plasmon Resonance (SPR) for
covalent immobilisation of a protein of interest was first explored by the group of Kai Johnsson and
others (Kindermann et al., 2003; Huber et al., 2004; Niesen et al., 2016). However, their approaches
still required the synthesis and the purification of the substrate to cover the sensor chip surface. On
the contrary, by using the chemo-enzymatic approach with BGSN3 substrate it is possible to
immobilize SNAP-tag® directly on an alkyne-derived sensor chip of the Bio-Layer Interferometry
(BLI) equipment (Merlo et al., 2021). The SPR is based on the observation in real-time of binding
interactions between an analyte in solution and a ligand immobilized on a biosensor through an
optical phenomenon, and its applications range from the pharmaceutical or drug discovery to
nanotechnology fields, generally based on the study of biomolecule complexes from the point of

view of interactions. In SPR the sensor is covered with a functionalized polymer and reacts to
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changes in the refractive index, these changes are directly proportional to the mass of the analysed
molecule attached to the biosensor.

On the other hand, the Bio-Layer Interferometry (BLI) is based on the analysis of the interference
profile generated by a white light reflected from two surfaces: a layer of molecules immobilized on
the biosensor and an internal reference. Each change in the number of molecules bound at the
sensor generates a shift in the interference pattern or a variation of the wavelength, that can be
measured in real-time. This technique is more advantageous than the SPR because: (i) it needs a
smaller amount of sample, making it more compatible to higher throughput (the capacity of running
up to 96 samples in a parallel); (ii) the possibility to reuse samples, and (iii) of the total
independency from any microfluidic issues.

Given the lack of any available BLI alkyne-derived sensors, we first activated the AR2G type
sensor by a bi-functional linker (propargyl-PEG 3-amine) (see Materials and Methods section) in
order to expose an alkyne group on the surface (Figure 9.11 box A). This modified protocol provides
the coating of the sensor tips with alkyne groups (approx. 80 min), occurring in the first wells of a
plate. During this time, the reaction between the protein-tag and BGSN3 substrate can take place
(Figure 9.11 box B).
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Figure 9.11 Covalent immobilization of clickable-tags on the BLI sensor. (A) Covering of the BLI sensor with a bi-

functional linker, exposing alkyne groups for the CUAAC reaction; (B) reaction of the SNAP-tag® with BGSN3.
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At the end of all analysis steps illustrated in Figure 10.11, it is possible to see that only the
contemporary presence of the clickable-SNAP and the alkyne-coated sensor led to a measurable
response. In fact, during the immobilization step, the signal of clickable-SNAP increases but does
not drop down after washing procedures, given the covalent reaction between the protein and the
sensor. Whereas, from the sensorgram no increasing signal has been measured for the only alkyne-
coated sensor and the combination of sensor and free SNAP-tag® protein without BGSN3.
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Figure 10.11 Sensorgram of chemo-enzymatic SNAP-tag® immobilization on BLI. The alkyne-covered sensor (silver
cylinder) was immersed in wells containing the buffer (in black), the free SNAP-tag® (in blue) and the clickable-SNAP
(in magenta)

This result has been obtained also for H® protein (Figure 11.11), although temperature and times of
the enzymatic reaction on BLI (30 °C) favoured the SNAP-tag® (Mollwitz et al., 2012; Vettone et
al., 2016). Furthermore, in order to prove the specificity of the immobilization technique, EcCFEs,
where both the enzymes were expressed, were analysed (Figure 11.11) (Merlo et al., 2021).

As shown in Figure 11.11, the specific immobilization of both proteins successfully occurred also in
the context of a perturbing environment. However, the lower capacity to bound the sensor displayed
by the SNAP-tag® in ECCFE context (filled magenta bar), compared to the purified protein

(magenta-bordered bar), could be explained with a low expression level obtained in the preparation
used.
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Figure 11.11 Column chart relative to the BLI immobilisation. Purified protein-tags alone (black-bordered bars), in the
presence of BGSN3 (magenta-bordered bars) and using the ECCFE (filled magenta bars). Standard deviations were

obtained from three independent experiments. Data are represented as mean + SEM.

2.6 Permeability of eukaryotic and prokaryotic cells to BG-azides

Since one of the major applications of the SNAP-tag® technology concerns the field of cell biology
to study protein functions and locations in living cells (Testa et al., 2013), we tested our chemo-
enzymatic approach on eukaryotic cell model, by investigating the permeability of BGSN3 on
HEK293T cells, in collaboration with the group of Prof. Leonardi (University of Naples “Federico
I1”). The cells were pre-treated by adding BGNS3 in culture medium and then lysed to obtain the
protein extract. The samples are successively incubated with the SVG substrate and analysed by
SDS-PAGE and gel-imaging: the absence of any fluorescent signal only in BG-azide treated lysates
demonstrated that the internalisation of BGSN3 was fast (ca. 30 min; Figure 10.11, lane 3) and at
concentrations comparable with commercial cell biology BG-substrates (in the range of <5 uM;
Figure 10.11, lane 8). The permeability was also tested and confirmed for E. coli bacterial cells

(Figure 10.11) following the protocol reported in Materials and Methods section.
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Figure 10.11 Eukaryotic and procaryotic permeability to BGSN3. SDS-PAGE analysis by gel-imaging and Coomassie
staining of HEK293T and E. coli ABLE C cell lysates. After BGSN3 addition in medium, lysates were incubated with
SVG.

Preliminary experiments by FACS analysis confirmed that the in vivo cycloaddition between
BGSN3 and the BDP-FL DBCO occurred (Figure 11.11).
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Figure 11.11 Eukaryotic permeability to BGSN3. FACS analysis of HeLa cells pre-treated with the BGSN3 and then
incubated with the BDP-FL DBCO fluorophore.
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3. Conclusions

These results demonstrate that the novel approach we developed led to an innovative modification
of the SNAP-tag® technology, which could overcome the duration of the experiment and costs
relative to the production and the utilisation of commercial or customised BG-derivatives. Although
they are compatible in terms of catalytic activity as for the SNAP-tag®, as well as for the others
AGTs (Perugino et al., 2012; Perugino et al., 2015; Vettone et al., 2016; Morrone et al., 2017;
Kindermann et al., 2003; Miggiano et al., 2017) the risk of lowering the catalytic activity of these
tags with customised BG-derivatives should not be underestimated. In addition, we proved that self-
labelling protein-tags are still folded and enough stabile in their azidated form after being bound by
the BGSN3 and that the click chemistry is an extremely versatile, fast and specific reaction. In fact,
the cycloaddition was recently used for the entrapment of catalytic activities by azide-based pseudo-
substrates in in vivo condition, the so-called activity-based protein profiling method (ABPP)
(Zweerink et al., 2017). Moreover, by using BGSN3 substrate, a reaction with a major number of
DBCO-based molecules is possible, keeping high the specificity in the presence of in vitro
“perturbing” proteins (like in cell lysates) and the in vivo labelling of expressed SNAP-tag® in
eukaryotic cells.

In addition, the chemo-enzymatic approach allows the specific surface immobilization of SNAP-
tag®, favouring a better orientation of tagged-POI for biological activities and allowing performing
a directly on-chip purification from a crude lysate.

In conclusion, we demonstrated that splitting the SNAP-tag® reaction into two fast steps, as
experimentally measured (Figure 6.11), does not affect the overall rate and efficiency of the protein
labelling (Mollwitz et al., 2012; Vettone et al., 2016), opening new perspectives and widening the

applications of this powerful biotechnology.
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Chapter I11: Anchoring and self-labelling
protein-tag system (ASL'9)
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In this chapter, the utilisation of the H® variant as part of a new enzyme immobilization tool (the
Anchoring and self-labelling protein-tag-ASL™9) is described. This project is born in collaboration
with the group of Dr Clemente Capasso (Institute of Bioscience and BioResources of the National
Research Council of Italy - IBBR CNR).

Here are described several immobilization methods, with their own pros and cons, and the novel
tool we developed, by using the “thermostable SNAP-tag” from Saccharolobus solfataricus. In
particular, the obtained results from the construction of the first ASL™ are illustrated, describing its
properties and advantages alone and in combination with POI genetically fused to it. These data

have been published in the Journal of Enzyme Inhibition and Medicinal Chemistry.
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1. Introduction

Nowadays, some of the principal demands of biotechnological industries are the enhancement of
enzyme productivity and the increasing of their stability and life, to facilitate large-scale production
and to minimize the costs (Datta et al., 2013). In fact, due to their relatively unstable nature, the
utilisation of biocatalysts from mesophilic sources displays several disadvantages in bioprocesses,
such as the incompatibility to harsh reaction condition or the recovery of the enzymes from the
mixture after many reaction rounds (Gurung et al., 2013; Hiep Nguyen H. and Kim M., 2017). To
overcome these limitations, two principal strategies can be applied: i) the research and study of
biocatalysts from thermophilic sources: enzymes from organisms that live at high temperatures
and/or harsher chemical-physical conditions have characteristics of stability; i) immobilization of
biocatalysts, which had particularly received the attention of the industrial sector (DiCosimo et al.,
2013). When immobilized, an enzyme is “physically attached to specific solid supports, thus it can
be used repeatedly and continuously while maintaining its catalytic activity” (Katchalski-Katzir E.,
1993). In fact, a single batch of immobilized enzymes can be used multiple times, reducing
production and purification costs, and the reaction can be controlled by removing the biocatalyst
from the mixture, avoiding product contamination (Homaei et al., 2015). For these reasons,
immobilized enzymes or whole cells (Kawaguti et al., 2006) are generally preferred over their free

counterparts.

1.1 Immobilization procedures

Over the past decades, biochemical and biophysical studies have been performed to enhance the
stability and activity of enzyme through their immobilization (Zhang et al., 2015) and several
methods with natural/synthetic supports, such as inert polymers and inorganic materials, have been

used (Datta et al., 2013). The best-known immobilization protocols are schematized in figure 1.111:

Adsorption
This mechanism is based on weak bonds (e.g. hydrophobic interactions, Van der Waal's forces)

(Sassolas et al., 2012) between biocatalyst and solid support. Briefly, the enzyme in solution is
placed in contact with the support and the unbounded molecules are removed by washing with
buffer solution. This method does not involve support functionalization, so it is simple and not
expensive and generally it does not affect the enzyme activity, rather, adsorbed enzymes are
preserved from aggregation and proteolysis (Spahn C., Minteer S.D., 2008). However, since the
bond between the support and enzymes is weak, the latter often detach due to temperature, pH or
ionic strength changes (Mohamad et al., 2015). Furthermore, this method may suffer from non-
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specific adsorption on solid surface of other molecules, causing contamination events (Hiep Nguyen
H. and Kim M., 2017).

Covalent coupling

This method is based on the covalent interactions between functional groups (e.g. the amino group,
carboxylic group, sulfhydryl group, thiol group, imidazole group, hydroxyl group) present on the
enzymes and the solid support (Novick and Rozzell, 2005). Of course, these groups must be non-
essential for enzymatic activity; otherwise, the enzyme would be immobilized in an inactive or
partially active form. This procedure involves a phase of activation of the support and the
consequent stable binding with the enzyme. However, despite the strength of the bond, due to the
high quantity of reagents to be used and the chemical changes that enzymes must undergo to
acquire functional groups (which often cause their denaturation), it is possible to immobilize only a
small amount of biocatalysts (a few milligrams of enzyme per gram of matrix) (Hiep Nguyen H.
and Kim M., 2017).

Entrapment
In this case, the enzyme is not directly attached to the surface but it is "entrapped” within a

polymeric matrix that allows the only diffusion of substrate and products: first, the enzyme is mixed
into a monomer solution, and then the polymerization of the monomer occurs.

This method seems to improve the stability of the enzymes and minimize denaturation phenomena
since the enzyme does not chemically interact with the polymer. However, a major limitation of this
system is that the thickness of the matrix tends to increase during polymerization. Thus, the

substrate cannot diffuse easily and reach the enzyme (Hiep Nguyen H. and Kim M., 2017).
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4-C

HER

VI

7.

Figure 1.111. Best-known examples of Enzyme Immobilization. (a) Absorption. Enzymes (E, in blue) are weakly
attached on solid support; (b) Covalent coupling. After the activation of the support, enzymes are irreversibly bounded;

(c) Entrapment. Enzymes are encapsulated into a polymeric matrix.
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Nevertheless, although these three methods are well known and most used, they have the common
problem of high costs because of the expensive production and purification procedures of
biocatalysts. In addition, enzyme immobilization often involves conditions and chemical reagents
that lead to conformational changes and loss of activity, due also to the “random” interaction and

orientation that enzymes can achieve on solid support.

Enzyme display via Ice nucleation protein (INP)

The introduction of natural systems, such as some of bacteria auto-transporter as the outer
membrane protein A (OmpA) or phosphoporin E (PhoE), have solved most of the limitations of
immobilization procedures (Dautin et al., 2007; Henderson et al., 1998). In particular, the strategy
of using the ice nucleation protein (INP) from Pseudomonas syringae offers the opportunity to
display enzymes of interest on the outer membrane (OM) of Gram® bacteria, via an N-terminal
signal peptide to transport enzymes into the periplasm, folding and insertion into the outer
membrane and translocation onto the bacterial cell surface (Cochet et al., 2000; Binder et al., 2010;
Samuelson et al., 2002; Lee et al., 2003). The INP protein is composed of an N-terminal domain
(INPN) (N, 175 residues) and a structurally separated C-terminal domain (C, 49 residues) by a
repetitive central motif (Graether et al., 2001). Both domains play a role in the anchoring of proteins
to the OM. Specifically, the use of INPN as anchoring carrier is considered of great interest in
biotechnological applications, ranging from the development of bacterial cell surface-display
systems for vaccine delivery to the fabrication of whole-cell biocatalysts and biosensors (Samuelson
et al., 2002; Lee et al., 2003; Daugherty PS, 2007).

2. Results and Discussion

Starting from the knowledge of enzyme display via INPN, part of my PhD activity was focused on
the development and characterization of a novel tool for the immobilization of biocatalysts, the
Anchoring-and-Self-Labelling-protein-tag (hereinafter ASL®), which includes the thermostable
protein H® as protein-tag and important part of the construct. In fact, this system is composed of
two moieties: i) the N-terminal domain of INP (INPN), which immobilizes a protein or an enzyme
of interest on E. coli outer membrane, allowing its exposition to the solvent and its correct
orientation for biological activities (Del Prete et al., 2017); and ii) H® protein variant from S.
solfataricus which can be labeled with any desired chemical groups (opportunely conjugated to the

benzyl-guanine) (Figure 2.111).
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Figure 2.111 The ASL'™9, This construct allows the in vivo protein of interest (POI) (in light blue) immobilization on the
bacterial Gram® outer membrane (OM) by the INPN domain (in white) and at the same time the possibility to label it or
combine its biological activities with desired chemical groups by the covalent labelling operated by the H® enzyme (in

green).

As already mentioned in Chapter 1, H® is the first thermostable SNAP-tag described. Due to its
peculiar reaction mechanism and to the available fluorescent assay, it has been possible to analyse
the expression of the ASL™ construct, both in vivo and in vitro in E. coli BL21(DE3) transformed
cells (Merlo et al., 2019; Del Prete et al., 2019).

First, to evaluate the expression level of the ASL™9, the cells were grown in LB medium in different
induction conditions; some batches were induced with IPTG, while others were grown in Auto-
Induction medium (Al) (as described in Materials and Methods section). Then, the fluorescence
assay was performed and samples were analysed by SDS-PAGE and gel-imaging technique (Figure
3.111).

Although the fusion protein was satisfactorily expressed in both conditions, only the samples grown
in Al medium present the signal of the H® protein alone in gel-imaging analysis. This suggests that
interruptions or failure events may occur in the translocation process on the OM of bacteria cells,
which lead to breaking points or cleavage of the fusion protein, especially concentrated in the
spacer region between the two moieties. On the other hand, no fragments but a defined signal of
expected molecular weight is visible in samples after the IPTG induction.
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Figure 3.111 ASL™ expression in E. coli. BL21(DE3) strain transformed with the pET-ASL® plasmid was grown in
IPTG-inducted or in auto-induction medium (Al). After the in vivo AGT assay, a defined amount in micrograms of
whole cells at ODgoonm Of 1.0 was directly loaded on SDS-PAGE, followed by gel-imaging fluorescence (a) and
Coomassie staining (b) analyses. Open and closed green arrows indicate fluorescent signals of H® or ASL™9 and the free

SVG substrate, respectively. M is the molecular weight marker.

This result not only highlighted the optimal growth conditions for ASL™ expression but also
demonstrated that the extracellular translocation of the H® protein made its expression possible in
BL21 (DE3) strain. In fact, to date, the heterologous expression of SSOGT has been performed in E.
coli ABLE C strain, which keeps the number of ogt-plasmid copies low (Perugino et al., 2012;
Vettone et al., 2016). To corroborate this result, pQEogtH®> plasmid was used to transform
BL21(DE3) cells (Vettone et al., 2016), showing a very low expression level (Merlo et al., 2019)
(Figure 4.111, lane 1).
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Figure 4.111 The expression of free H® protein in E. coli BL21 (DE3). In lane 1, BL21 cells transformed with pQEogtH®
plasmid display a very low fluorescent signal and corresponding low amount of protein expressed. In lane 2, as control,
purified H®
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The fluorescent assay on H® was used to confirm also the anchoring of the ASL® through the INPN
trans-membrane domain (Merlo et al., 2019). After been fractionated with several cycles of
centrifugation, both the whole cells and the steps of membrane purification, in order cytoplasmatic
fraction, inner membrane and outer membrane, were tested with SVG and analysed by SDS-PAGE.
The fluorescence of H® containing samples was visualized in gel-imaging (as described in Materials
and methods section). As result, only whole cells and the OM fraction displayed a fluorescent band
of the expected molecular weight, corresponding to the ASL® fusion protein, whereas the signal

was missed in the lanes relative to the cytoplasmic and IM fractions (Figure 5.111).
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Figure 5.111 Localisation of ASL™ in E. coli. (a) Gel-imaging and Coomassie staining analyses after SDS-PAGE of
different loaded amounts of the whole cells, the relative cytoplasmic fraction (FCE), the inner (IM) and the outer

membrane (OM) fractions.

After confirming that the ASL™ system is sited only on the outer surface of the bacteria cell, it was
tested in fusion with two thermostable enzymes: the pB-glycoside hydrolase from the thermophilic
archaeon S. solfataricus (SspGly) (Moracci et al., 1996) and a carbonic anhydrase from

Sulfurihydrogenibium yellowstonense (SspCA) (Di Fiore et al., 2013).

2.1SspGly

In our laboratory, it was previously demonstrated that the cytoplasmic H>-SsBGly fusion protein is
stable and active for both the enzymatic assays, suggesting that the two enzymes do not interfere
with each other, in terms of folding and catalytic activity (Vettone et al., 2016). However, the idea

of anchoring the ASL"™9-SsBGly protein to the bacterial OM was particularly challenging, because it
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has been demonstrated that SspGly is active only in its tetrameric form (Aguilar et al., 1997,
Pouwels et al., 2000). The first evidence of the B-glycoside hydrolase activity has been obtained
after transforming BL21(DE3) cells with ASL™-SsBGly plasmid and plated on LB agar in presence
of a glucoside chromogenic derivative (5-Bromo-4-chloro-3-indolyl B-D-glucopyranoside, also
known as X-glucoside or X-Glc), which is a preferred substrate of SsBGly (Perugino et al., 2003)
but not of the E. coli LacZ (a B-galactosidase enzyme). The presence of blue colonies only for the
E. coli BL21(DE3) transformed with ASL™-SspGly-containing plasmid was a convincing
indication that the oligomerization of this thermostable enzyme occurred. Subsequently, we tested
the expression level of the fusion protein by SDS-PAGE analysis (Figure 6.111). In this case, IPTG-
inducted E. coli BL21(DE3)/pET-ASL"™-SspGly cells displayed a fluorescent signal of expected
molecular weight (98.8 kDa, which corresponds to one monomer of fusion protein), indicating the
successful expression of ASL™-SsBGly. However, with this construct, we have obtained a total
amount of fusion protein lower than the sole ASL™, probably because of the complexity of the
enzymatic structure. In addition, a higher band is visible in the fluorescence analysis, out of the
molecular weight marker range used. This band could correspond to the partially denatured
tetrameric form of ASL™-SsBGly (ca. 400 kDa), which is particularly resistant to thermal
denaturation (Vettone et al., 2016, Moracci et al., 1996, Aguilar et al., 1997) (Figure 6.111).

[ W
I T SsBGly active tetramer

E. coli BL21(DE3) E. coli BL21(DE3)
cells

cells

245kDa

— 190 kDa
135kDa

100 kDa
80 kDa

58 kDa

ASL¥8-SspGly
monomer

46 kDa

® ©
Figure 6.111 Heterologous expression of thermostable AGly enzyme fused to ASL™®9. SDS-PAGE analysis of the ASL™9-
SspGly expression. Fluorescent signals (on the F panel) shows bands of molecular weights corresponding to the protein

fusions and a very high fluorescent band, presumably corresponding to the tetrameric form of SspGly (represented in

the green box)
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To demonstrate the correct folding of the SsBGly tetramer in non-denaturing condition, an amount
of 0.24 pg/mg of immobilized SsBGly (based on calculated H® pmol, see Figure 11.111 and Table
1.111) was assayed on 2 and 4-Nitrophenyl B-D-glucopyranoside (2 Np- and 4 Np-Glc) at three
different temperatures, 50-60 and 70 °C. The resulting data show an activity of 12.6 + 0.7 and 8.8 £
0.4 (50 °C), 30.3 £ 0.4 and 20.3 £ 0.9 (60 °C), 51.5 + 0.9 and 30.8 £ 1.5 U/mg (70 °C), respectively,
whereas OM fraction containing the sole ASL™ did not show any B-glucosidase activity. These
values are correctly related to the activity of the free form of SspGly (Moracci et al., 1998). Thus,
since the activity of SsPGly depends on its homotetrameric structure, these data confirm that the
formation of the quaternary structure of SsBGly on the E. coli OM occurred.

However, since the 3D structure of this glycoside hydrolase indicates that it is not a planar structure
(Aguilar et al., 1997), we hypothesized an invagination of the E. coli OM to allow the assembly of
all four units of the ASL™-SsBGly (Figure 7.111), resulting in the active form of this thermostable

enzyme.
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Figure 7.111 The tetrameric form of the ASL'%8-SsGly fusion protein. Schematic representation of the possible spatial
disposition of the tetrameric SspGly (PDB ID: 4GOW) linked to four H® units (PDB ID: 6GAO0). The hypothesized
invagination of the external membrane of E. coli would make it possible the assembling of the tetrameric form and the

consequent measured catalytic activity of the SsBGly.

2.2SspCA

Several studies were carried out on Carbonic anhydrase enzymes (CAs, EC 4.2.1.1), a superfamily
of ubiquitous metalloenzymes present in all living organisms on the planet. The bacterial CAs
received particular attention in medical fields as new drug target, due to their inhibition effects on
the growth or virulence of many pathogens (Annunziato et al., 2016; Capasso and Supuran, 2015;
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Ozensoy Guler et al., 2016), and in biotechnological applications (De Simone et al., 2002; Di Fiore
et al., 2015) as post-combustion carbon capture process, artificial lungs, and biosensors (Alterio et
al., 2015).

However, these processes are often characterized by harsh conditions, thus, especially in Biotech
fields, there is great interest in searching for more resistant biocatalysts. In this context, the group of
Dr Capasso and his collaborators identified and immobilized in a one-step procedure (using INPN
strategy) a CA from the extreme thermophile S. yellowstonense (SspCA) (Del Prete et al., 2017;
Capasso et al., 2012). This enzyme showed to be highly thermostable and capable of retaining its
catalytic activity even when heated for a prolonged time at a high temperature (Vullo et al., 2013;
Akdemir et al., 2013; De Luca et al., 2012; Vullo et al., 2012).

Starting from this point, part of my research activity was focused on the utilization of the ASL™9
system to express the CA, trying to implement its activity. First, we realized a ASL™-SspCA
construct by inserting the ogtH® gene between the INPN and SspCA. Successively, both the ASL'9-
SspCA and the INPN-SspCA plasmids were used to transform BL21(DE3) cells (as described in
Materials and Methods) and the relative protein expressions were compared. As result, by SDS-
PAGE and gel-imaging analysis, a fluorescent signal of expected molecular weight is present only
in the first lane, representing the full-length ASL"-SspCA (70.2 kDa), whereas the band
corresponding to the INPN-SspCA fusion protein (53 kDa) can be appreciated only in Coomassie
Blue staining in the second lane, because missing of any activity on BG derivative substrates
(Figure 8.111) (Merlo et al., 2019; Del Prete et al., 2019).
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Figure 8.111 ASL"™9-SspCA expression in E. coli. On top, fluorescence gel-imaging and Coomassie staining of INPN-
SspCA and ASL™-SspCA (white and filled green arrows respectively). Below, a model representation of an OM (PDB
from Tieleman and Berendsen) describing the in vivo immobilization of INPN-SspCA (in blue; PDB ID: 4G7A,; panel
A) and in fusion with H® (in green; PDB ID: 6GAOQ; panel B). The INPN domain is omitted because inserted in the OM.

Furthermore, we proved that the ASL™ moiety does not affect the activity of SspCA; on the
contrary it resulted to be more stable when treated at high temperatures for a prolonged time, if
compared to the INPN-SspCA (Del Prete et al., 2019). Briefly, together with our collaborators, we
investigated the residual CA activity of whole bacterial cells expressing the enzyme on the external
surface, incubating them at three different temperatures (25-50-70 °C). What emerged is that, while
both ASL™-SspCA and the INPN-SspCA show a comparable residual hydratase activity when
incubated at 25 °C and 50 °C for up to 24 hours (Figure 9.111, panels A and B), the ASL™%-SspCA
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fusion protein maintains an activity of 80% when treated at 70 °C (Figure 9.111, panel C), whereas
the INPN-SspCA drops its activity to 60% after 2 h, when treated in the same condition (Figure
9.111, panel C). These results demonstrated that the anchoring ASL™ system, enhanced the SspCA
stability of about 20%. This aspect is crucial in the context of the post-combustion carbon capture

process, since it requires temperatures ranging from 40 and 60 °C (Russo et al., 2013).
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Figure 9.111 The thermostability of immobilized SspCA and ASL™9-SspCA on the bacterial surface. Measures were
carried out at indicated temperatures, by using aliquots of the whole cells incubated up to 24 h. Continuous line,
membrane-bound ASL™-SspCA; dashed line, membrane-bound SspCA. Each point is the mean of three independent

determinations.

In addition, the residual activity was analysed and monitored also for up to 10 days. In this case, the
differences between the two forms of anchored CAs become more evident. At 25 °C, the INPN-
SspCA residual activity started to decrease after 4 days and reached a value of about 70% after 10
days, whereas at 50 and 70 °C, its activity decreased up to 40 and 20%, respectively ( Figure 10.11l,
panel B and C). The activity of ASL™-SspCA remained almost constant at 90% at 25 °C (Figure
10.111, panel A) and showed a residual activity of about 60 and 40% when tested at 50 and 70 °C,
respectively (panel B and C). These data informed us that the presence of a thermostable protein-
tag between the INPN anchoring domain and the SspCA significantly improved the long-term

stability of this enzyme (Del Prete et al., 2019).
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Figure 10.111 The long-term stability of immobilised SSpCA. Measures were carried out at indicated temperatures up to

10 days, using aliquots of whole bacterial cells.

The presence of defined amount of free H® enzyme and different volumes of expressed
ASL"9/ASL%9-fused proteins allowed us to quantitatively measure the heterologous expression of
our construct as pmol/mg of the whole wet cells (Figure 11.111). Briefly, free H® in decreasing
quantities and ASL™ constructs were tested with SVG fluorescent substrate and then analysed by
SDS-PAGE and gel-imaging. Considering the INPN:H%:POI ratio as 1:1:1, the amount of the whole
fusion proteins expressed was estimated (see Materials and Methods section) and listed in Table
1.1
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Figure 11.111 Quantitative estimation of the ASL™9 expression. Defined amount of cells and purified H® protein (in
pmols) were loaded and analyzed on a SDS-PAGE (on the left). Fluorescent values obtained from H® were fitted in a

linear plot (on the right), as described in Materials and Methods.

Table 1.111 Quantization of ASL'9 and ASL"™9-fused protein

MW ASL - Fusionyield  Enzyme yield (r?)
(kDa) Enzymeratio  (pmol H%mg) (ng/mg)
ASL "9 42 - 1525+ 15.7 - 0.9977
ASL™-SspCA 70.2 1:1 58.4+11.6 1.54+0.30 0.9986
ASL™-SsBGly 98.8 4:1 30.6 £13.2 72131 0.9980

Finally, as anticipated at the beginning of this chapter, the activity of ASL™ was observed also in
living cells by microscope analysis. Upon the labelling with the fluorescent substrate, images of
living E. coli BL21(DE3) cells had shown specific fluorescent signals only in those transformed
with the ASL™-containing plasmid (Figure 12.111). These data suggest that ASL™9 is suitable for
localization and analysis of membrane proteins and provide an opportunity for in vivo analyses

under physiological conditions of proteins of interest fused to the ASL™9.

58



Alexa 488 merge

E. coliBL21(DE3)
pET22-INPN cells

E. coliBL21(DE3)
pET-ASL@Y cells

Figure 12.111 ASL®™ in Fluorescence Microscopy. E. coli BL21(DE3) cells transformed with pET-22b/INPN plasmid
(Top) or with pET-ASL™ (bottom) were incubated with SVG and then analysed at fluorescence microscopy. Images

show bright field (BHF), AlexaFluor488 (green) and merged images

3. Conclusions and perspectives

In conclusion, the ASL™ system can be considered as a novel and functional strategy to easily
express and immobilize in one-step proteins/enzymes of interest putting them in a correct
orientation, and to further increase the thermostability of proteins to be used in biotechnological
applications, in which a highly effective and thermostable catalyst is needed.

Moreover, it can lay the foundations for new purification protocols, without going through
traditional and expensive procedures. In fact, a cleavage site for thrombin protease was localized
between the INPN domain and the H®> moiety (Merlo et al., 2019). After treating at the same time
the whole cells expressing ASL™ with this protease and SVG substrate, the fluorescent signal
corresponding to the MW of the H® protein was present only in the supernatant fraction; indicating

that a soluble form of free enzyme can be recovered (Figure 13.111).
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Figure 13.111 Cleavage of ASL™ by the Thrombin protease (TP) on whole cells (W). After the H® reaction and
simultaneous protease treatment, cells were centrifuged and the supernatant (S) was separated from the intact cells (C).

the samples were then analysed by fluorescence imaging and Coomassie staining

Anchoring and self-labelling protein-tag 2 (a new ASL™9)

Following the same approach, | started to set-up and characterize a novel ASL™ composed by the
transmembrane INPN domain and the  self-labelling protein-tag HaloTag
(https://ita.promega.com/resources/technologies/halotag/) (Figure 14.111) (Los et al., 2008). As the
previously described SNAP-tag®, this enzyme is an engineered version of a haloalkane
dehalogenase which recognizes as substrate a reactive chloro-alkane linker bound to a functional
group of interest, with an irreversible reaction. Preliminary data demonstrated the successful
expression of the new construct alone or in co-expression with the ASL™ on the same E. coli cell
(Figure 15.111 A).

These results can lead to the development of a powerful biotechnological tool for the
implementation of enzyme cascade reactions, both in terms of yield and for obtaining a product
with high added value, enzymatically and without dispersion of reaction intermediates (Figure
15.111 B).
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Figure 14.111. The ASL'™9 2 system on external bacterial surface. In figure is also represented the reaction mechanism of
HaloTag protein.
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Figure 15.111. The co-expression. In panel A, the co-expression of both ASL™1 and 2 on the same bacteria cell is
represented. In panel B, a possible utilization of this system for biotechnological applications.
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IVV. Materials and Methods

Bacterial Strains (E. coli)
ABLE C (C lac(LacZw-) [Kanr McrA-McrCB-McrF-Mrr-

DH5a (F- 80dlacZ M15 (lacZYA-argF) U169 recAl endAlhsdR17(rk-, mk+) phoAsupE44 —thi-1
gyrA96 relAl

KRX [F’, traD36, AompP, proA+B+, laclq, A (lacZ) M15] AompT, endA1, recAl, gyrA96 (Nalr),
thi-1, hsdR17 (rk-, mk+), eld4- (McrA-), relAl, supE44, A(lacproAB), A(thaBAD)::T7 RNA

polymerase.

BL21 Rosetta (DE3) F- ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE (CamR)

Culture media
LB (Lysogeny Broth) (1 liter):
10 g NaCl,

5 g yeast extract,

5 g tryptone.

Auto-induced media (1 liter):

1M MgSOs,

20 mL 50x 5052 [25% glycerol, 2.5% glucose, 10% a-lactose],

50 mL 20x NPS [(NH4),S04 0.5 M, KH2PO4 0.5 M, NazPO, 1M; pH 6.75],

LB to volume

Reagents

Commercially available substrates for AGT activity, pSNAP-tag(m) plasmid, DNA restriction and
modification enzymes were purchased from New England Biolabs (USA); whereas O°-
Benzylguanine was from Activate Scientific GmbH (UK). BDP FL alkyne, BDP FL DBCO, Cy5
DBCO were purchased from Lumiprobe GmbH (Germany). DBCO-PEG4-Fluor 545, Tris(2-
carboxyethyl)phosphin (TCEP), Tris [(1-benzyl-1H-1,2,3-triazol-4-yl)-methyl]amine (TBTA) were
from Sigma-Aldrich (USA). SYPRO™ Orange for Protein Gel Stain (5,000X Concentrate in
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DMSO0), Pierce™ Premium Grade Sulfo-NHS (N-hydroxy-sulfo-succinimide) and Pierce™ Premium

Grade 1-ethyl-3-(3-dimethyl-amino-propyl)-carbodiimide hydrochloride (EDC) were from Thermo

Fischer Scientific (USA). All molecular biology kits for the plasmid preparations were from

Macherey-Nagel GmbH (Germany); NZYProof 2x Colourless Master Mix, containing NZYProof

DNA polymerase, was from NZYTech (Portugal). Lyophilised Thrombin Protease was purchased
from GE Healthcare (USA).

To determine the protein concentration the Bio-Rad protein assay kit (from Bio-Rad Pacific) was

used, using purified BSA as standard. Synthesis of the oligonucleotides listed in Table 1.1V and the

DNA sequencing service were performed by Eurofins Genomics (Germany)

Methyl-guanine-PEG-NH. substrate was a gift of Prof Prosperi (University of Milano-Bicocca,

Milan, Italy)

Table 1.1V. Oligonucleotides used in this study

Name Sequence Note
INPN-Fwd 5’-TAATACGACTCACTATAGGG-3’ -
INPN-Rev 5’-GGTGATGGTGAGATCCTCTCGGAACCAGAGATCCATAGGCTTCAATCAGATCGC-3’ -
H5-Fwd 5’-GCGATCTGATTGAAGCCTATGGATCTCTGGTTCCGAGAGGATCTCACCATCACC-3’ -
H5-Rev 5’-TCACCTTCATATGACCATTCATGTTCGCTACCATAAGCTTCTGTCGACGGTACCTCGAGTTCTGG-3’ -
H>-Rev2 5-ATTGAGCAACTGACTGAAATGCC-3' -
SspCA-Fwd 5’-CCAGAACTCGAGGTACCGTCGACAGAGGCTTATGGTAGCGAACTGAATGGTCATATGAAGGTGA-3’ -
SspCA-Rev 5’-CTAGTTATTGCTCAGCGGT-3’ -
Lig5-PfuAGT 5'-TCAGCAAGGGCTGAGGCCATGGTATTGGAAGTTAGG-3' Nco | site

underlined
Lig3-PfuAGT 5'-CCTCAGCGGAAGCTGAGGTTAGCTTGTCCATCCTTCC-3'
NZY-His Fwd2 | 5'-CATGGCACACCATCACCATCACCATACGGG-3' For
NZY-His Rev2 5'-CATGCCCGTATGGTGATGGTGATGGTGTGC-3' insertion of
an Hise-tag
Fwdm4 5'-ggcMgtaggcctagcatgacaatctgeattggtgatcacgg-3’ 3
Rev4 5'-ccgtgatcaccaatgcagattgtcatgctaggcectaccgece-3’ a
QE-SNAP-Fwd | 5'-ATGGCAGGATCCAATGGACAAAGACTGCGAAATG-3' BamH | and
QE-SNAP-Rev | 5'-CTATCAAAGCTTAACCCAGCCCAGGCTT GCCCAG-3' Hind Ill sites
underlined

aFrom Perugino et al., 2015; M=05-methyl guanine
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DNA constructs

Cloning of SNAP-tag® and H° proteins

The cloning procedures in pQE31 expression vector (Qiagen, Germany) were similar for both
proteins. In particular, the pSNAP-tag(m) Vector was used as template to amplify the DNA
fragment relative to the SNAP-tag® gene, by using QE-SNAP-Fwd/Rev oligonucleotides pairs.
Afterwards, the resulting fragment and the pQE31 vector were digested with BamH | and Hind 111
restriction enzymes and ligated, leading to the final pQE-SNAP plasmid. The final SNAP-tag®
protein was expressed with an extra N-terminal aminoacidic sequence, comprising a Hise-tag
(MRGSHHHHHHTDP-). H® was cloned as described (Perugino et al., 2012).

Cloning of pET-ASL"™

The cloning procedures for pET-ASL™ constructs were obtained as described in Merlo et al., 2019,
Briefly, pET-22b/INPN-SspCA and pQE-ogtH® vectors was used as template to obtain the pET-
ASL™ recombinant plasmid. More precisely, the original plasmid vectors were used to recover the
DNA fragments relative to INPN and H® genes respectively, which were amplified by PCR, by
using INPN and H°-Fwd/Rev synthetic oligonucleotides (listed in Table 1.1V). The amplification
reaction was performed under the following conditions: an initial denaturation at 95 °C for 5 min,
30 cycles of 30 s at 95 °C, 30 s at 50 °C and 30 s at 72 °C, followed by a final extension of 5 min at
72 °C. The resulting DNA fragments were first purified by using PCR Kleen™ Purification Spin
Columns (Bio-Rad) and then fused to each other in a further amplification reaction in the conditions
mentioned above, using INPN-Fwd/H°>-Rev oligo pairs. This was possible due to the total
complementary of INPN-Rev to the H>-Fwd oligonucleotide.

To obtain the final ASL™ construct, pET-22b/INPN-SspCA plasmid was used as accepting vector
for the PCR product, by removing the INPN-SspCA fusion gene. This vector and the amplified
DNA were both digested with Hind I1l and Xba I restriction endonucleases, then gel-purified using
NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) and ligated. The resulting ligation
mixture was cloned in E. coli DH5a cells and positive colonies were screened by colony PCR and
confirmed by DNA sequencing. The same strategy was used to obtain the pET-ASL™-SspCA
plasmid, this time by using the H>-Rev2 oligo to fuse the ASL™ expressing gene to SspCA one,
previously amplified use SspCA Fwd/Rev oligo pairs listed in Table 1.1V.
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For the pET-ASL™-lacS plasmid preparation, pQE-ogtH>-lacS vector was digested with Hind
I11/BamH | endonucleases to obtain the DNA fragment relative to the ogt-lacS chimera (ogtH® gene
fused to the B-glycoside hydrolase from Saccharolobus solfataricus); likewise the pET-ASL™9
plasmid . The pET22 resulting recipient was subjected to the first cloning round, where positive
blue colonies were selected by the hydrolase activity on Ampicillin selective-Lysogeny Broth (LB-
Amp) Agar plates supplemented with 5-bromo-4-chloro-3-indolyl-b-D-glucopyranoside (X-Glc).
Successively, the plasmid was digested with BamH | and treated with Alkaline Phosphatase Calf
Intestinal (CIP), then ligated to the INPN DNA fragment, derived from the BamH I/BamH |
digestion of the pET-ASL™ plasmid. Positive blue colonies on LB-Amp-X-Glc agar plates were

confirmed by univocal Pst | digestion pattern analysis.

Cloning of PfuOGT

The ORF PF1878, encoding a putative AGT, was amplified from genomic DNA from Pyrococcus
furiosus JFWO02 strain, by using Lig5/Lig3-PfuAGT oligonucleotides and cloned into the expression
vector pHTP1 (NZYtech) following the NZYEasy Cloning and Expression kit I (NZYTech)
manual, as described in Mattossovich et al., 2020. Subsequently, commercially available E. coli
DH5a cells (NZY5a Competent Cells-NZY Tech) were transformed with the ligation mixture and
positive colonies were confirmed by sequencing. In addition, in order to insert a DNA sequence
expressing a Hise-tag sequence (MAHHHHHHTG-) similar to those of SsOGT protein from
Perugino et al., 2012, pHTP1-PfuAGT plasmid was digested with Nco | enzyme and ligated to a
double-stranded oligonucleotides pairs (NZY-His Fwd2/Rev2, Table 1.1V). The final construct was

used to transform E. coli KRX cells and the sequence was confirmed by sequencing.

Protein expression and purification

SNAP-tag®and H°

Both proteins were expressed in E. coli ABLE C strain, incubated at 37 °C in Lysogeny Broth (LB)
(Bertani G. 1951; Bertani G. 2004; Ezraty et al., 2014) medium supplemented with 50 mg/L
kanamycin and 100 mg/L ampicillin. The protein expression was induced with 1 mM isopropyl-
thio-p-D-galactoside (IPTG) when an ODegoonm 0f 0.5-0.6 was reached. After an overnight growth,
cells were collected and resuspended 1:3 (w/v) in purification buffer A (50 mM phosphate, 300 mM
NaCl; pH 8.0) supplemented with 1% Triton X-100 and stored overnight at —20 °C. Subsequently,
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the biomass was treated in ice with lysozyme and DNAse for 60 min and then sonicated as
described (ref). After a centrifugation of 30 min at 60,000 x g, the cell extract was recovered and
applied to a Protino Ni-NTA Column 1 mL (Macherey—Nagel) for Hise-tag affinity
chromatography. After two washing steps of 10 column volumes of Buffer A and 10 column
volumes of 10% buffer A supplemented with 250 mM imidazole, the elution was performed in 20
column volumes of buffer A, by applying a linear gradient of 0-250 mM imidazole. The eluted
fractions containing the protein were collected and dialysed against phosphate-buffered saline (PBS
1x, 20 mM phosphate buffer, NaCl 150 mM, pH 7.3) and the protein purification was confirmed by
SDS-PAGE analysis.

ASL"™

All DNA constructs were used to transform E. coli BL21(DE3) cells, grown at 37 °C in LB or in the
ZY auto-induction medium (Al) selective medium supplemented with 100 mg/L ampicillin and 30
mg/L chloramphenicol and proteins expression was induced with 1 mM IPTG at ODsoonm Value of
0.6. After an overnight incubation, whole cells expressing the anchoring and self-labelling
construct were collected and tested by the activity of H> moiety for qualitative measurement of

expression level.

PfuOGT

PfuOGT was expressed and purified as described for SNAP-tag® and H® proteins. In this case, E.
coli BL21 (DE3) cells and LB medium supplemented with 50 mg/L kanamycin and 30 mg/L
chloramphenicol were used. In addition to the purification steps, in order to remove E. coli
contaminants, the cell extract was incubated 20 min at 70 °C, centrifugated at 13,000 xg at 4 °C and
the supernatant was diluted 1:2 (v/v) in purification buffer for a Hise-tag affinity chromatography.
The fractions containing the PfuOGT protein were pooled, concentrated and subjected to a further
gel-filtration chromatography, using a Superdex 75 10/300 GL column (GE Healthcare Life
Sciences). Finally, the protein was loaded on 15% SDS-PAGE gel to confirm its purity and stored
at — 20 °C.

In vitro fluorescent alkyltransferase assay

The fluorescent substrate SNAP-Vista® Green (SVG) was used to assay the catalytic activity of all
AGTs analysed, both free proteins and bacterial cells expressing the ASL®Y/ASL%-POI on cell
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surface, as described (Perugino et al., 2012, Perugino et al., 2015; Miggiano et al., 2013; Vettone et
al., 2016; Visone et al., 2017; Merlo et al., 2019; Del Prete et al., 2019, Mattossovich et al., 2020).
In sum, 5 uM of protein/whole cells were incubated with 10 uM of SVG in Fluo Buffer 1x (50 mM
phosphate, 100 mM NaCl, 1 mM DTT; pH 6.5) at different temperatures and times, based on the
thermophilic or mesophilic nature of each protein; the reactions were stopped by adding Laemmli
buffer 1x (formamide 95%; EDTA 20 mM; bromophenol 0.05%) and loaded on SDS-PAGE. The
resulting gels were analysed by fluorescence imaging on a VersaDoc 4000™ system (Bio-Rad), by
applying as excitation/emission parameters a blue LED/530 bandpass filter, and by Coomassie Blue

staining.

For a quantitative determination of the ASL™9/ASL™-POI expression, whole cells were diluted to
an ODeoonm OFf 1 and, after the reaction with SVG, different volumes of bacterial cells were loaded in
the same gel with defined amounts (in the range of 0.8-50 pmols) of purified free H® protein. The
values of the relative fluorescence were fitted by a linear equation. Whose parameters were
successively used for the estimation of the amount of expressed H°-POI. Given that the
concentration of E. coli cell cultures of 1 ODgoonm is 8 x108 cells/mL, and the amount of wet cells is
1.7 g/L, it has been also possible to calculate the yield of expressed proteins in terms of pmol/mg of
cells (Glazyrina et al., 2010; Merlo et al., 2019).

Competitive assay and 1Csg calculation

Competitive inhibition assay was performed as described (Perugino et al., 2015). As reported, an
increasing amount of several guanine-derivatives (0-2 mM) (Table 1.1I, chapter I1l) was added to
fixed concentration of the fluorescent SVG (5 puM) and enzymes (5 pM). The reactions were
incubated for 30 min at 25 °C and 50 °C for SNAP-tag® and H® respectively and loaded on SDS-
PAGE. The resulting fluorescent bands were analysed by gel-imaging and the data were plotted by
equation (1),

100%

RF = — 5
1+(%)

)

where RF is the obtained Relative Fluorescence, [I] and [S] are the concentration of the inhibitor
and the substrate, respectively, and the ICso is the concentration needed to reduce by 50% the

fluorescence intensity of the protein band.

67



The activity of SNAP-tag® and H®> on BGN3 and BGSN3 substrates was analysed by using the
above-mentioned method (Table 1.11, chapter II).

Regarding the characterization of novel hyperthermophilic wild-type AGT, the competitive assay
was performed in the presence of double strands (ds) oligonucleotides (Fwdm4:Rev4; Table 1.1V),
which contain a single O®-methyl-guanine, as described (Perugino et al., 2015). The reaction was
incubated for 10 min at 65 °C with increasing concentrations (0—10 uM) of ds-Fwdm4, keeping
constant SVG concentration (5 uM). Finally, corrected data of fluorescence intensity were fitted
with equation (1), as previously described (Perugino et al., 2015; Morrone et al., 2017;
Mattossovich et al., 2020).

B-glycoside hydrolase assay

The B-glycoside hydrolase assay was performed at different temperatures in sodium phosphate
buffer 50 mM at pH 6.5 with 5 mM final concentration of 2 Np- and 4 Np-Glc substrates, as
previously described (Perugino et al., 2003). OM fractions, containing 1 to 5 pg of ASL™ and
relative fusion POI, were used in each assay. The enzymatic activity was calculated based on the
molar extinction coefficient (em) values of 2- and 4-nitrophenol in mentioned buffer and reaction
conditions, as previously reported (Perugino et al., 2003). By definition, one unit of enzyme activity
is the amount of enzyme, which hydrolyses 1 umol of substrate in 1 min, under the above described
conditions. All the reactants except the enzyme (blank mixture), were considered for the correction

of the spontaneous hydrolysis of the substrates.

PfuOGT: Protein stability analysis

Differential scan fluorimetry analysis (DSF) was used to determine the stability of the thermostable
AGTs at different conditions, adapting the protocol previously described for SSOGT and relative
mutants (Niesen et al., 2007; Perugino et al., 2015; Vettone et al., 2016; Morrone et al., 2017).
Triplicates of each condition, containing 25 uM of enzyme (ca. 0.5 mg/mL) in PBS 1x buffer and
SYPRO Orange dye 1x, were subjected to a scan analysis of 70 cycles at temperatures from 25 to
94 °C for 10 min/°C x cycle in a Real-Time Light Cycler™ (Bio-Rad). Relative fluorescence data
have been normalized to the maximum fluorescence value in each scan. The resulting plots of
fluorescence intensity vs temperature displayed sigmoidal curves (typical of a two-state transition),
which allowed the determination of the inflection points (Tm values) by fitting the Boltzmann
equation (Niesen et al., 2007; Perugino et al., 2015; Vettone et al., 2016; Morrone et al., 2017).
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ASL®: Quter Membranes preparation

The E. coli outer (OM) and inner (IM) membranes were purified by following a procedure
previously described (Del Prete et al., 2017). Briefly, harvested cells were resuspended 1:20 (w/v)
in 25 mM Tris/HCI buffer, pH 8.0 and disrupted by sonication on ice (10 cycles of 10 s / 50 s on:off
treatment). Cell extract was centrifuged at 120,000 xg for 1 h, and the supernatant containing the
cytoplasmic fraction was discarded. The pellet containing membranes fractions were resuspended in
20 mL of PBS 1x, containing 0.01 mM MgCl, and 2% Triton X-100. After incubation at room
temperature for 30 min, the solution was centrifuged as described above. The OM fraction obtained
was resuspended in PBS 1x and used for further experiments. Moreover, to analyse of the total
amount of fusion protein expressed, the OM fraction was assayed for the H® activity as previously
described.

ASL™: Thrombin assay

To separate the H® moiety from the transmembrane domain, the ASL® on the OM was cleaved
with the Thrombin Protease. A suspension of bacterial whole cells was gently centrifuged at 3000
xg for 10 min at 4 °C and resuspended in PBS 1x buffer. The sample was incubated with 30 U of
Thrombin Protease at 25 °C overnight under gentle agitation with 5 uM of SVG, then centrifuged
under the above-mentioned conditions. Cells and supernatants were separately loaded on SDS-

PAGE and analysed by gel-imaging and Coomassie staining as previously described.

ASL™: in vivo microscopy analysis of E. coli cells

E. coli BL21(DE3) cells transformed with pET-22b/INPN-SspCA or pET-ASL™ plasmids were
IPTG-inducted and grown overnight at 37 °C. After been diluted until 1 ODesoonm, 1 mL of cell
culture was washed twice in PBS 1x and finally resuspended in 50 uL of same buffer supplemented
with 5 uM of the SVG. Subsequently, the reaction mixture was incubated at 37 °C for 30 min,
washed twice and incubated again for 30 min at 37 °C, to allow the external diffusion of the
unreacted substrate. For in vivo imaging, the mixture was spotted on poly-L-lysine coated slides for
microscopy analysis. Images were collected using a DM6 fluorescence microscope and Hamamatsu
camera under the control of Leica LAS AF 6000 software; excitation and emission wavelengths
used suitably for AlexaFluor488 dye were kex%490 nm; kem¥:525 nm, respectively.
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In vitro Huisgen Cu(l)-catalysed cycloaddition reaction

The Huisgen chemical reaction was evaluated on SNAP-tag® and H® previously incubated with
BGN3 and BGSN3. An opportune amount of purified proteins was incubated with in an equimolar
ratio of these substrates for 60-120 min at 25 °C and 37 °C respectively, to ensure the complete
enzymatic labelling reaction. Later, we performed the subsequent cycloaddition using 5 UM of an
alkyne-derivative of the fluorescein (BDP FL alkyne), in the presence of copper (1 mM), TCEP (1
mM), TBTA (0.1 mM) and, where indicated, of SDS (0.05 %). Finally, mixtures were loaded on

SDS-PAGE and analysed as described in previous sections.

Determination of the rate constants of the chemo-enzymatic labelling approach

Rate constants of the enzymatic reactions with the only BGSN3 were determined by the method of
(Gautier et al., 2008). In this case, purified proteins (5 uM) were incubated with the substrate (5
MM) in PBS 1x puffer at 25 °C. Aliquots were taken at different times, the reactions were
immediately stopped in Leammli Buffer 1x in addition with 10 uM of Cy5 DBCO fluorophore and
placing tubes on ice.

Rate constants for the chemical reaction needed of the preliminary achievement of the clickable-
SNAP and clickable-H® with BGSN3, which was obtained by the above-described protocol (Section
5), in order to get the complete labelling. Then, to each aliquot of 5 uM of clickable proteins, 20
UM of DBCO-PEG4-Fluor 545 fluorophore was added. At different times, an excess of sodium
azide (NaN3, 300 mM) was immediately added to each aliquot and then placing tubes on ice, in
order to stop the click reaction between the azide group on the BGSN3 and the DBCO-PEG4-Fluor
545 molecule.

Finally, for both the experiments, all aliquots were boiled in SDS buffer for 5 min, and immediately
loaded on SDS-PAGE, for the gel-imaging and Coomassie staining analyses. Data were fitted to a
pseudo-first-order reaction model using the GraFit 5.0 software package (Erithacus Software Ltd.).
Second-order rate constants k (in s M) were then obtained by dividing the pseudo-first-order
constant by the concentration of substrate. Values given are an average of at least three independent

measurements.
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In vitro Huisgen copper-free cycloaddition reaction with different DBCO-

fluorophores

For the SPAAC reaction, aliquots of 5 uM of each clickable-protein were incubated for 60 min at
room temperature in the dark with 5 uM of fluorescent DBCO-derivative substrates (BDP FL
DBCO, Cy5 DBCO and DBCO-PEG4-Fluor 545) in a total volume of 10 puL of PBS 1x buffer. The
reactions were finally stopped in Leammli Buffer 3%, loaded on SDS-PAGE and analysed as
described in Section 4, by applying a blue LED/530 bandpass filter, red LED/695 bandpass filter
and green LED/605 bandpass filter as excitation/emission parameters for each DBCO-fluorophores,
respectively. The click reaction was also performed on 5 pM of both the enzymes, but in the
presence of an ECCFE diluted in PBS 1x buffer.

Procedure for protein immobilization on Bio Layer Interferometry (BLI)

OctetRED96™ (ForteBio, CA, USA) was used to immobilize specifically SNAP-tag® and H° with
the chemo-enzymatic approach. Samples and reaction buffers were located in black 96-well plates
(OptiPlate-96 Black, Black Opaque 96-well Microplate, PerkinElmer, USA) in a maximum reaction
volume of 300 pL per well with 800 rpm shaking for each step. For the immobilization procedure,
AR2G sensors were first wetted in 200 uL of pure water for at least 15 min, followed by an
equilibration step (3 min) in acetate buffer 0.1 M, pH 5.0. Afterwards, they were activated with 20
mM 1-ethyl-3-(3-dimethyl-amino-propyl) carbodiimide hydrochloride (EDC)/20 mM N-hydroxy-
sulfo-succinimide (sulfo-NHS) mixture in acetate buffer (60 min) and covered with 2 mM
propargyl-PEG3-amine bifunctional linker (BroadPharm, San Diego, CA, USA) in Loading step
(20 min). To avoid the presence of any free amine groups on the biosensors, a Blocking step with
Ethanolamine 1 M (30 min) was performed. Subsequently, a Washing step (15 min) with water and
an Equilibration step in click-reaction buffer (15 min) are followed.

During the above-described procedure, proteins were labelled with BGSN3. Finally, the
immobilization step for each sample via Huisgen reaction was carried out at 30 °C for 80 min,
followed by a Washing step (20 min), in order to remove all the unbound molecules. This procedure

was the same in the presence of the ECCFE. All measurements were performed in triplicates.
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Permeability of eukaryotic and prokaryotic cells to BGSN3 and DBCO-

fluorophores

HEK?293T cells were maintained at 37 °C with 5% CO2 in Dulbecco’s Modified Essential Medium
(Invitrogen, USA) supplemented with 10% Fetal Bovine Serum (FBS) (Invitrogen, USA) and 100
U/mL Penicillin/Streptomycin (Roche, Switzerland). HEK293T cells were transfected with SNAP-
tag® plasmid by using Lipofectamine 2000 (Invitrogen, USA) following manufacturer’s protocol.
The treatment with BGSN3 were performed, at the concentration and time indicated for each
experiment. Twenty-four hours after transfection, we treated cells with BGSN3 for 2 hours at
different concentrations ranging (from 1 to 25 uM), directly dissolving the compound in complete
culture medium. Then cells were harvested, washed with PBS 1x buffer and lysed with 50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 0.1% Triton X-100 supplemented with complete
protease (Roche, Switzerland) and phosphatase (SERVA Electrophoresis, Germany) inhibitors.
Afterwards, transfected cells were treated with a fixed concentration of BGSN3 (10 uM) at different
time points (from 30 to 120 min). Again, HEK293T cells were washed and lysed as described
above. To confirm the reaction with BGSN3, the same amount of protein extract (0,91 pg/uL for
each sample) was incubated for 30 min at 25 °C with SVG. Subsequently, proteins were loaded on
SDS-PAGE and analysed by gel-imaging on a VersaDoc 4000™ system (Bio-Rad), by applying a
blue LED/530 bandpass filter (Figure 4 in the main text).

For flow cytometry analysis, HeLa cells were seeded in 24-well plates and transfected with SNAP-
tag® plasmid by using Lipofectamine 2000 (Invitrogen, USA) following manufacturer’s protocol.
Twenty-four hours after the transfection, cells were treated with 25 uM BGSN3 for one hour and
the excess of the substrate was washed out by 2 x 15 min, followed by 1 x 30 min washes. Cells
where then treated with 2.5 uM BDP FL DBCO for 30 min and unbound fluorophore was removed
by following the same procedure performed for the BGSN3. All treatments and washes were
performed at 37 °C in complete culture medium. Lastly, cells were harvested by trypsinization and
fluorescence was measured using FACS CANTO II instrument. Analysis was performed on live
singlet cells using FlowJo software (Fig S11).

E. coli ABLE C strain was transformed with SNAP-tag® plasmid and protein expressed as
previously described. After an overnight growth, samples of 2 mL were treated with 100 uM of
BGSN3 for 2 hours at 25 °C and then collected by centrifugation at 2000 xg. Cell pellets of 0,05 g
were resuspended 1:3 (w/v) in PBS 1x supplemented with 1% Triton X-100 and subjected to cell
lysis, by applying 5 cycles of freeze-thawing. After a centrifugation at 13000 xg, the supernatants
containing the protein extract were incubated 30 min at 25 °C with SVG and proteins were loaded

on SDS-PAGE. Finally, fluorescent bands were analysed by gel-imaging techniques (Figure S12).
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Images were collected using a DM6 fluorescence

microscope and Hamamatsu camera under the control of Leica LAS AF 6000 software; excitation
and emission wavelengths used suitably for AlexaFluor488 dye were kex¥2490 nm; kem¥%525 nm,

respectively.

Data analysis and software

Prism Software Package (GraphPad Software) and GraFit 5.0 Data Analysis Software (Erithacus

Software) were used for the data analysis from activity, competitive inhibition and stability assays.
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ABSTRACT

The use of natural systems, such as outer membrane protein A (OmpA), phosphoporin E (PhoE), ice nucle-
ation protein (INP), etc.,, has been proved very useful for the surface exposure of proteins on the outer
membrane of Gram-negative bacteria. These strategies have the clear advantage of unifying in a one-step
the production, the purification and the in vivo immobilisation of proteins/biocatalysts onto a specific bio-
logical support. Here, we introduce the novel Anchoring-and-Self-Labelling-protein-tag (ASL'®9), which
allows the in vivo immobilisation of enzymes on E. coli surface and the labelling of the neosynthesised
proteins with the engineered alkylguanine-DNA-alkyl-transferase (H?) from Sulfolobus solfataricus. Our
results demonstrated that this tag enhanced the overexpression of thermostable enzymes, such as the car-
bonic anhydrase (SspCA) from Sulfurihydrogenibium yellowstonense and the B-glycoside hydrolase (SspGly)
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from S. solfataricus, without affecting their folding and catalytic activity, proposing a new tool for the
improvement in the utilisation of biocatalysts of biotechnological interest.

1. Introduction

The term immobilised enzymes refers to ‘enzymes physically
confined or localised in a certain defined region of space with
retention of their catalytic activities, and which can be used
repeatedly and continuously’’. The immobilisation of enzymes on
solid supports is historically very important for overcoming their
general instability in harsh operational conditions and their low
shelf-life, as well as the need for their recycling more times?.
Furthermore, the physical separation of the biocatalyst from the
reaction mixture avoids the protein contamination of the prod-
ucts. Although a reduction in reaction rates sometimes occurs,
because the enzyme cannot mix freely with the substrate or a par-
ticular conformational change is needed for the biocatalyst effi-
ciency, there are many examples of increased activity and stability
of immobilised enzymes®. Many chemical or physical methods for
the enzyme immobilisation are currently available, from the phys-
ical adsorption to the covalent coupling on supports (Figure
1(a-c,e—f))>°. Recently, the use of protein-tags based on an engi-
neered version of the human 0°%-alkyl-guanine-DNA-alkyl-transfer-
ases (hAGT) is an effective alternative for the covalent
immobilisation of proteins and enzymes (Figure 1(d))’=°. AGTs (or
OGTs, MGMTs; E.C.: 2.1.1.63) are DNA repair enzymes, which irre-
versibly transfer the alkyl group from the damaged DNA contain-
ing O%-alkyl-guanines to their cysteine residue in the active
site’® "3, In 2003, Johnsson and his group demonstrated that most
enzymes of this class display relatively low substrate specificity,
making them reactive also with free 0°benzyl-guanines (0°-BG)

nucleobases™. This led to the development of the so-called SNAP-
tag™ technology, which uses derivatives of O°-BG potentially con-
jugated with an unlimited number of chemical groups' '8, This
system allows the immobilisation on O°-BG-derivatised surface of
the protein expressed in fusion with the SNAP-tag'® (Figure 1(d)).
However, all these approaches mainly depend on the high costs
due to the isolation and purification of the biocatalysts. This limi-
tation can be easily overcome by the heterologous expression of
enzymes and their in vivo direct immobilisation on the surface of
bacterial hosts, by the utilisation of transmembrane protein
domains, as the ice nucleation protein (INP) of the Gram-negative
bacterium Pseudomonas syringae (Figure 1(g))'®?°. This protein is
composed of an N-terminal domain (N, 175 residues) structurally
separated from a C-terminal domain (C, 49 residues) by a repeti-
tive central domain?’. Both domains play a role in the anchoring
of proteins to the outer membrane?'. The use of INP as anchoring
carrier is considered of great interest in biotechnological applica-
tions, ranging from the development of bacterial cell surface-dis-
play systems for vaccine delivery to the fabrication of whole-cell
biocatalysts and biosensors?>*, The N-terminal domain of INP
(INPN) was recently and successfully used for the one-step proced-
ure immobilisation (Figure 1(g))**?°. Moreover, Capasso et dl.
demonstrated that the amount of a thermostable carbonic anhy-
drase®°33 fused to the INPN domain and expressed on the bacter-
ial cell surface had a hydratase activity similar to that of the
enzyme covalently immobilised onto magnetic nanoparticles®®34,
Here, we introduce a novel protein-tag system, (hereinafter
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Figure 1. Examples of enzyme immobilisation methods. Among the traditional methods for the irreversible immobilisation (a—c, e-f) of an enzyme (E, in blue), the
recent introduction of the SNAP—mgTM technology (d, red semicircle) allowed an indirect immobilisation of protein of interest. The one step in vivo immobilisation of an
enzyme (g) is possible when it is expressed as fusion protein with the N-terminal domain of the ice nucleation protein (INPN, in red). Because of the presence of a
peptide leader upstream the coding sequence, the nascent polypeptide is translocated to the cell OM by the anchoring transmembrane INPN domain, leading to the

immobilisation and exposition of the biocatalyst outside the cell.

Anchoring-and-Self-Labelling-protein-tag or ASL'), which simultan-
eously allows the in vivo immobilisation of the enzyme of interest
on the E. coli surface and its quantitative determination (Figure 2).
The ASL™ system is formed by the INPN domain fused to an
engineered and thermostable variant of the alkylguanine-DNA-
alkyl-transferase (H®) from the hyperthermophilic archaeon
Sulfolobus  solfataricus®>3®.  This enzyme was extensively
characterised, suggesting its biotechnological role as thermostable
alternative to the commercial SNAP-tag™ and its utilisation as
protein-tag for heterologous expression of proteins of interest in E.
coli and, for the first time, in thermophilic organisms as Thermus
thermophilus and Sulfolobus islandicus®>~3’. Thus, using the sub-
strate of H>, a fluorescein derivative of the 0°-BG (Figure 2), we
successfully estimated the expression of the ASL™ in E. coli cells,
by in vitro gel-imaging techniques, as well as by in vivo fluorescent

microscopy. Furthermore, we demonstrated that the activity and
the stability of the enzymes of interest (SspCA, the a-carbonic
anhydrase from Sulfurihydrogenibium yellowstonense; and SsBGly,
the B-glycoside hydrolase from S. solfataricus) fused to the ASL™
and exposed on the surface of E. coli cells were not affected by
the presence of this novel protein-tag.

2. Materials and methods
2.1. Reagents

All DNA restriction and modification enzymes and the fluorescent
substrate for the OGT activity (SNAP-Vista Green™, hereinafter BG-
FL) were purchased from New England Biolabs (Ipswich, MA);
molecular biology kits for the plasmid preparations and DNA gel
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Figure 2. The ASL' protein. The ASL'® gene is composed by the inpn ORF (in white) in frame fused to the ogtH> gene (in green) in the pET22b expression vector.
This tag can be further fused to a gene of interest (goi, in blue), for a one step procedure of the expression and immobilisation of an enzyme (E). The presence of the
H®> moiety allows the quantitative estimation of the yield of E by the irreversible alkyl-transferase assay using a fluorescent 0%benzyl-guanine derivative (BG-FL).
Between inpn and ogtH>, a spacer (in pink), a thrombin cleavage site (shown as an orange triangle) and a 6 x His-tag (in black) were inserted, for the easy separation

and purification of any H>-E fusion protein.

extractions (NucleoSpin® Gel and PCR Clean-up® were from
Macherey-Nagel GmbH (Germany); Lyophilised Thrombin Protease
from GE Healthcare (lllinois, US). Eurofins Genomics (Germany)
performed the oligonucleotides synthesis and the DNA sequenc-
ing service.

2.2. DNA constructs

To obtain the pET-ASL™ construct, we replaced the a-carbonic
anhydrase (SspCA) gene with the ogtH® gene in the previously
described vector pET-22b/INPN-SspCA®°. By the latter and the
PQE-ogtH® 3° plasmid as template, the DNA fragments relative to
the INPN domain and H® were respectively amplified with the
INPN- and H>-Fwd/Rev oligonucleotides pairs (listed in Table 1),
under the following conditions: an initial denaturation at 95.0°C
for 5min, 30 cycles of 30s at 95.0°C, 30s at 50.0°C and 30s at
72.0°C, followed by a final extension of 5min at 72.0°C. DNA
products were fused to each other in a further PCR amplification,
taking advantage of the total complementarity of the INPN-Rev to
the H>-Fwd oligonucleotide, obtaining the final ASL™® DNA frag-
ment. Subsequently, this fragment and the pET-22b/INPN-SspCA
vector were digested with Hind lll and Xba | restriction endonu-
cleases, gel-purified, and ligated. The ligation mixture was used to

transform the E. coli DH5a strain, and positive colonies were con-
firmed by colony PCR and DNA sequencing.

The same cloning strategy was used to achieve the pET-ASL'-
SspCA construct: the ASL™ DNA fragment obtained this time
using the H>-Rev2 oligonucleotide was used as template to further
fuse to the SspCA gene (obtained by amplification with SspCA
Fwd/Rev oligonucleotide pairs, Table 1). Again, positive colonies
after ligation and transformation were confirmed as above.

Finally, the pET-ASL'-lacS plasmid preparation started with
the achievement of the DNA fragment relative to the ogtH> gene
fused to the B-glycoside hydrolase from the thermophilic archaea
Sulfolobus solfataricus (lacS), obtained by the Hind Ill/BamH |
digestion from the pQE-ogtH>-lacS plasmid>®. The pET-ASL'® plas-
mid was similarly digested to obtain the pET22 recipient for the
first ligation/transformation round. Positive blue colonies were
selected by the hydrolase activity of the /acS gene product
(SsPGly) on the Ampicillin selective Luria-Bertani (LB) Agar plates
supplemented with 5-bromo-4-chloro-3-indolyl--D-glucopyrano-
side (X-Glc), and the insertion confirmed using PCR analysis. This
intermediate vector was further digested with BamH |, treated
with Alkaline Phosphatase Calf Intestinal (CIP) and ligated to the
BamH I/BamH | INPN DNA fragment, derived from the digestion of
the pET-ASL™ plasmid. In this case, positive blue colonies on
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Oligonucleotide

Sequence

INPN-Fwd
INPN-Rev
H-Fwd
H>-Rev
H>-Rev2
SspCA-Fwd
SspCA-Rev

5'-TAATACGACTCACTATAGGG-3'
5'-GGTGATGGTGAGATCCTCTCGGAACCAGAGATCCATAGGCTTCAATCAGATCGC-3
5'-GCGATCTGATTGAAGCCTATGGATCTCTGGTTCCGAGAGGATCTCACCATCACC-3
5'-TCACCTTCATATGACCATTCATGTTCGCTACCATAAGCTTCTGTCGACGGTACCTCGAGTTCTGG-3
5'-ATTGAGCAACTGACTGAAATGCC-3/
5'-CCAGAACTCGAGGTACCGTCGACAGAGGCTTATGGTAGCGAACTGAATGGTCATATGAAGGTGA-3'
5'-CTAGTTATTGCTCAGCGGT-3'

LB-Amp-X-Glc agar plates were confirmed by Pst | restriction
enzyme digestion analysis.

2.3. Determination of the protein expression by a fluorescent
assay based on the H® activity

All constructs were used to transform E. coli BL21(DE3) cells.
Cultures were grown at 37.0°C in LB selective medium
supplemented with 100.0 mg/L ampicillin and 30.0 mg/L chloram-
phenicol; expression was induced with 1.0 mM isopropyl-thio-f-D-
galactoside (IPTG) when an absorbance value of 0.5-0.6 Agoonm
was reached, or in the ZY auto-induction medium (Al)*%, supple-
mented with the same selective antibiotics. After an overnight
incubation, whole cells were collected and assayed by using the
BG-FL fluorescent H> substrate previously described®3"3° for a
qualitative measurement of the protein expression, an aliquot of
1.0mL of cells was centrifuged at 4000 x g and the pellet was
resuspended in 50.0puL of 5.0uM BG-FL in phosphate-buffered
saline (PBS 1x, 20.0mM phosphate buffer, NaCl 150.0 mM, pH
7.3). After an incubation for 2.0h at 37.0°C, reactions were
stopped by denaturing the samples in Leammli Buffer 1x and dir-
ectly loaded on SDS-PAGE, followed by gel-imaging on a VersaDoc
4000™ system (Bio-Rad), by applying a blue LED/530 bandpass fil-
ter as excitation/emission parameters, respectively. Finally, the
fluorescence intensity of each band was normalised to the inten-
sity of the signal obtained from the Coomassie Blue stain-
ing analysis.

For a quantitative determination of the expression, whole cells
were opportunely diluted to achieve an ODgyonm Of 1.0. By follow-
ing the same above-mentioned assay, three different volumes of
whole cells were loaded in the same gel with defined amounts (in
the range of 0.8-50.0 pmols) of purified free H® protein, after the
reaction on BG-FL in the same conditions. The obtained values of
the relative fluorescence as a function of the purified loaded H’
were fitted by a linear equation, whose parameters were then
used for the estimation of the amount of expressed H>-derivated
fusion proteins, assuming that the activity of the H> moiety in the
fusions is not affected by the presence of the other protein part-
ner(s). Given that the concentration of E. coli cell cultures of 1.0
ODegonm is ca. 8.0 x 108 cells/mL, and the amount of wet cells is
1.7 g/L, it is possible to calculate the yield of expressed proteins in
terms of pmol/mg of cells*.

2.4. Membranes fractionation

The E. coli outer (OM) and inner (IM) membranes were purified by
following a procedure previously described®’. Briefly, harvested
bacterial cells were resuspended 1:20 (g/mL) in 25.0 mM Tris/HCl
buffer, pH 8.0 and disrupted by sonication on ice (10 cycles of
10s: 50s on:off treatment). Cell extract was centrifuged at
120,000 x g for 1.0 h, and the supernatant containing the cytoplas-
mic fraction was discarded. Both IM and OM fractions were
recovered in the pellet and resuspended in 20.0mL of PBS 1x,

containing 0.01 mM MgCl, and 2.0% Triton X-100. After incubation
at room temperature for 30.0 min, the solution was centrifuged as
described above. Then, a defined amount of the OM fraction
obtained was assayed for the H’ activity, leading to the quantita-
tive determination of the total amount of fusion protein, as previ-
ously described.

2.5. Thrombin assay

The ASL™ on the OM was cleaved with the Thrombin Protease, in
order to separate the H> moiety from the INPN transmembrane
domain. A suspension of E. coli whole cells was gently centrifuged
at 3000 x g for 10.0 min at 4.0°C and then resuspended in a half
volume of PBS 1x. The sample was incubated with 30.0U of
Thrombin Protease at 25.0°C overnight under gentle agitation in
the presence of 5.0 uM of BG-FL, followed by the same centrifuga-
tion. Cells and supernatants were separately loaded on SDS-PAGE
and analyzed by gel-imaging and Coomassie staining as described.

2.6. Microscopy analysis of E. coli cells

For in vivo imaging, E. coli BL21(DE3) cells transformed with pET-
22b/INPN-SspCA or pET-ASL' plasmids were IPTG-inducted,
grown overnight at 37.0°C and finally diluted until ODgoonm ©Of
1.0. An amount of cells corresponding to a volume of 1.0mL of
the culture was washed twice in PBS 1x and finally resuspended
in 50.0uL of the same buffer supplemented with 5.0 uM of the
BG-FL substrate. After an incubation at 37.0°C for 30.0 min, cells
were washed twice, resuspended and again incubated for
30.0min at 37.0°C, to allow the external diffusion of the
unreacted substrate. Labelling was first verified by fluorescence
gel-imaging on SDS-PAGE and then spotted on poly-L-lysine
coated slides for microscopy analysis.

Images were collected using a DM6 fluorescence microscope and
Hamamatsu camera under the control of Leica LAS AF 6000 software;
excitation and emission wavelengths used suitably for AlexaFluor488
dye were Aey =490 NnM; A, = 525 nm, respectively.

2.7. B-glycoside hydrolase assay

The p-glycoside hydrolase assay was performed as previously
described*' at different temperatures in 50 mM sodium phosphate
buffer at pH 6.5, in the presence of 2 Np- and 4 Np-Glc substrates
at 5.0mM final concentration. OM fractions containing ASL"? and
relative fusion proteins amounts ranging from 1.0 to 5.0 ug were
used in each assay. For the correction of the spontaneous hydroly-
sis of the substrates, all the reactants except the enzyme (blank
mixture), was taken into account. The enzymatic activity was cal-
culated on the basis of the molar extinction coefficient (gy) values
of 2- and 4-nitrophenol in 50 MM sodium phosphate buffer pH 6.5
at different temperatures, as previously reported*'. We defined as
one unit of enzyme activity the amount of enzyme hydrolyzing
1.0pumol  of substrate in  1.0min, under the above-
described conditions.
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Figure 3. The ASL™ expression in E. coli. (a) E. coli BL21(DE3) strain transformed with the pET-ASL'® plasmid was grown in IPTG-inducted or in auto-induction
medium (Al). After the in vivo OGT assay, a defined amount in micrograms of whole cells at ODggonm Of 1.0*° was directly loaded on SDS-PAGE, followed by gel-imag-
ing fluorescence (F) and Coomassie staining (C) analyses. Open and closed green arrows indicate fluorescent signals of free H®> or H>-based fusion proteins, and the
free BG-FL substrate, respectively. M: molecular weight marker. (b) Quantitative estimation of the ASL'»? expression: defined amount of cells and purified H® protein (in
pmols) were loaded and analyzed on a SDS-PAGE (on the left). Fluorescent values obtained from H> were fitted in a linear plot (on the right), as described in Materials
and Methods. Obtained parameters allowed the quantitative determination of the amount of ASL" in E. coli cells and shown in Table 2.

Table 2. Quantitative estimation of the heterologous expression of ASL? and
relative fusion proteins in E. coli BL21(DE3) whole wet cells.

MW?  ASLY9-E  Fusion yield® E yield®

(kDa) ratio (pmol H5/mg) (ng/mgq) (@
ASL™ 42.0 - 1525+15.7 - 0.9977
ASng—SSpCA 70.2 1:1 584+11.6 1.54+£0.30 0.9986
ASL["g—SSBGIy 98.8 41 30.6+13.2 7.2+3.1¢ 0.9980

?Calculated from the primary structure.

On the basis of the H’ activity on fluorescent gel-imaging analysis (see
Materials and Methods).

“The amount of the immobilised enzyme without the ASL'.

dCorrelation coefficient of the linear curve obtained from the H° values of fluor-
escence as a function of the amount of the loaded protein.

The tetrameric form of the catalytically active SsBGly enzyme.

2.8. Carbonic anhydrase assay

CA activity assay was a modification of the procedure described
by Capasso et al.®>. Briefly, the hydratase assay was performed at
0°C using CO,; as substrate following the pH variation due to the
catalyzed conversion of CO, to bicarbonate. Bromothymol blue
was used as pH indicator. The production of hydrogen ions during

the CO, hydration reaction lowers the pH of the solution leading
to a colour transition of the dye. The time required for the colour
change is inversely proportional to the amount of CA present in
the sample. The Wilbur-Anderson units (WAU) were calculated
according to the following definition: one WAU of CA activity is
defined as the ratio (T, — T)/T, where T, (the time needed for the
pH indicator color change for the uncatalyzed reaction) and T (the
time needed for the pH indicator color change for the catalyzed
reaction) are recorded as the time (in seconds) required for the
pH to drop from 8.3 to the transition point of the dye (pH 6.8) in
a control buffer and the presence of enzyme, respectively.

3. Results and discussion
3.1. Expression analysis and localisation of ASL*® in E. coli

The in vivo alkyl-transferase fluorescent assay of H> on whole bac-
terial cells is a useful method to determine the heterologous
expression of this protein and/or relative fusion proteins in the
mesophilic E. coli and in the thermophilic species T. thermophilus
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AlexaFluor488 (green) and merged images. All used symbols are described in Figure 3(a).
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and S. islandicus, without any purification procedure®*’. The
in vivo assay is possible since the bacterial cells are permeable to
OGT fluorescent substrates (as the commercially available SNAP-
Vista Green™ or SNAP-Cell TMR™); and the catalytic activity at
mesophilic temperatures (25-37°C) of H> mutant is one order of
magnitude higher than the SsOGT wild-type counterpart and com-
parable to the commercial SNAP-tag™=®. Despite GFPs utilisation,
the covalent conjugation of H®> with the benzyl-fluorophore moi-
ety of the substrate (Figure 2) allows the denaturation of the
whole cells and the direct loading of the samples on SDS-PAGE
for the gel-imaging analysis, as described in the Materials and
Methods>>=37-3,

S M
-®
. I'-;Z
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To evaluate the expression of the ASL'Y, E. coli BL21(DE3)/pET-
ASL™9 cells were grown in LB medium and induced with IPTG or
in the AL In the latter case, although the expression level of the
fusion protein was satisfactory, the presence of only the H> signal
(ca. 20% of the total fluorescence intensity) in the gel-imaging
analysis is difficult to rationalise (Figure 3(a)). Probably, during the
expression of the protein (e.g., in the advanced stage of the
growth) could occur interruptions or failures in the translocation
process of the ASL™ on the outer membrane of E. coli with fol-
lowing breaking/cleavage events, especially in the spacer region
between INPN and H® (Figure 2). On the other hand, after the
IPTG induction, a strong and clear signal at the expected



molecular weight is visible, without any fragmentation (Figure
3(a)). This is an important result since, to date, the heterologous
expression of SsOGT wild-type and relative variants in E. coli
has been generally performed in the ABLE C strain, which keeps
low the number of copies of the ogt-containing plasmids®>>°,
As proof, transformed E. coli BL21(DE3) strain with the pQE-
ogtH®> plasmid®® showed a very low expression of free H’
(Supplementary Figure S1), whereas the fusion with the INPN
domain and the consequent translocation on the outer cell
membrane made the H’> expression possible in this strain. The
comparative fluorescent analysis with a defined amount of free
H> enzyme, allowed us to quantitatively measure the heterol-
ogous expression of ASLY as pmol/mg of the whole wet cells
(Figure 3(b) and Table 2). The assay on H®> confirmed the
anchoring function of the INPN trans-membrane protein: only
the whole cells and the fraction containing the outer mem-
brane displayed a fluorescent band corresponding to the ASL'
fusion protein, whereas the signal was missed in the lanes rela-
tive to the cytoplasmic and the inner membrane fractions
(Figure 4(a)). Besides, the evidence of the INPN on the bacterial
outer membrane was confirmed by treating the whole bacterial
cells with the thrombin, too (Figure 2). A cleavage site for this
protease was localised between the INPN domain and the H?
moiety (Figure 2). The fluorescent signal corresponding to the
MW of the H> protein was present only in the supernatant frac-
tion when the protease was added at the same time with the
BG-FL substrate (Figure 4(b)). Finally, we checked the OGT activ-
ity of ASL" in living cells by microscope analysis, upon the
labelling with the fluorescent substrate. The obtained images of
living E. coli BL21(DE3) cells showed a strong and specific fluor-
escent signal only in those transformed with the ASL'“-contain-
ing plasmid (Figure 4(c)), indicating that the fusion protein is
stable and proficient to labelling. This data suggest that ASL'
is suitable for localisation and analysis of membrane proteins,
and provide an opportunity for further in vivo analyses of
ASL'-tagged proteins of  interest under physio-
logical conditions.

3.2. In vivo immobilisation of thermostable enzymes by ASL"*®

As described in the literature, it has been demonstrated that
the monomeric a-carbonic anhydrase (SspCA) from the thermo-
philic bacterium S. yellowstonense can be actively expressed
onto the outer membrane of E. coli*’. Following this strategy,
we realised a plasmid expressing the ASL'“-SspCA construct by
inserting the ogtH® gene between the INPN and SspCA.
The expression profile analyzed by following the H® activity on
BG-FL confirmed that in the Al multiple fluorescent signals are
present (Figure 5(a)), mainly represented by the full-length
ASL"-SspCA (70.2kDa; ca. 65% of the total fluorescence inten-
sity) and lower band (ca. 35%) closer to 37kDa than 50kDa
(Figure 5(a)). This signal is compatible to the ASL'? (42.0kDa)
as well as the H>-SspCA moiety (46.0kDa), suggesting that both
translation interruption and translocation failure events in this
growth conditions can be not excluded. Again, we detected an
optimal achievement of the full-length fusion protein under
IPTG-based expression in LB medium (ca. 95%; Figure 5(a)). In
this condition and considering the INPN:H>:SspCA ratio as 1:1:1,
the amount of the whole fusion protein expressed was esti-
mated as ca. 60.0 pmol/g cells, which corresponds to ca. 1.5ug
of the sole immobilised carbonic anhydrase per mg of cells
(Table 2). Preliminary assays on ASL'9-SspCA indicated that the
presence of H> does not hamper the hydratase activity of the
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Figure 6. The biotechnological potential of the ASL“. Any chemical group of
interest (open star) conjugated to the BG-substrate (black closed circle) could be
covalently bound to the H® moiety (in green) of the ASL'. This enhances the
potential use of an immobilised enzyme (E) on the E. coli surface (OM), making
available to it a series of molecules, e.g., fluorescent probes and enzymatic activ-
ity modulators, or bi-functional groups for cascade reactions with other
biocatalysts.

SspCA, if compared with that of the previously expressed INPN-
anchored enzyme®® (data not shown).

ASL™ system was also tested with another thermostable
enzyme, the B-glycoside hydrolase (SspGly) from the thermo-
philic archaea S. solfataricus*>. We previously demonstrated that
the cytoplasmic H>-SsGly fusion protein is stable and active for
both the OGT and the B-glycosidase assays, suggesting that the
presence of one enzyme does not interfere with the folding
and activity of the other®. Interesting to note that anchoring
this protein fusion to the bacterial outer membrane by the
INPN domain is particularly challenging because SspGly is active
only in its tetrameric form****. The presence of blue colonies
on LB agar plate in the presence of a glucoside chromogenic
derivative (X-Glc), which is a preferred substrate of SspGly*’ but
not of the E. coli LacZ (a B-galactosidase enzyme) was a first
and convincing indication of the oligomerisation of this thermo-
stable enzyme. Although in this case the amount of the
expressed fusion protein was lower than the above examples
(Figure 5(b) and Table 2), IPTG-inducted E. coli BL21(DE3)/pET-
ASL™9-SsBGly cells displayed a fluorescent signal of expected
molecular weight (98.8 kDa), corresponding to one monomer of
SsBGly fused to one ASL™ unit. However, a higher band is
clearly visible in the fluorescence analysis (marked with an
asterisk in Figure 5(b)), out of the molecular weight marker
range used: as for the cytoplasmic H>-SsBGly fusion, it could
suggest that it corresponds to a partially denatured part of the
tetrameric form of ASL'“-SsBGly (ca. 400.0kDa), which is par-
ticularly resistant to thermal denaturation®**>****  Finally, an
amount of 0.24ug/mg of immobilised SsBGly on the OM frac-
tion (on the basis of the calculated H> pmol) was assayed on
2Np- and 4Np-Glc at three different temperatures. The results
show an activity of 12.6+0.7 and 8.8+0.4 (50°C), 30.3+0.4 and
20.3+0.9 (60°C), 51.5+0.9 and 30.8+1.5U/mg (70°C), respect-
ively, whereas OM fraction containing the sole ASL' did not
result in any p-glucosidase activity, as expected (data not
shown). These values are correctly related to the activity of
SsBGly*, clearly indicating that the formation of the quaternary
structure on the E. coli OM occurs. However, since the 3D struc-
ture of this thermostable glycoside hydrolase showed that it is
not laying on a surface*®, we hypothesised an invagination of
the E. coli outer membrane to allow the assembly of four units
of the ASL'9-SsPGly (Supplementary Figure S2).
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4. Conclusions and perspectives

In the present work, we introduced and demonstrated the utility
of a novel protein-tag, composed by the N-terminal domain of the
INP protein fused to a DNA repair enzyme. From our results, it is
readily apparent that ASL' offers: (i) an easy expression and in
vivo one-step procedure of enzyme immobilisation on biological
supports (e.g., E. coli outer membrane); (ii) significantly reduces
the costs of the enzyme purification and those of the immobilisa-
tion support, allowing a direct exposition of the enzyme to the
solvent?®3; (iii) an indirect labeling, by the reaction of a thermo-
stable variant of the SNAP-tag™ (H®)***’, which covalently links
desired chemical groups conjugated to its benzyl-guanine sub-
strate'*3>, ASL' favoured the expression of a monomeric protein
(e.g., the thermostable SspCA) and an enzyme having a complex
quaternary structure (e.g., the thermophilic SspGly), without com-
promising their overall folding and enzymatic activity. Moreover,
we showed that the utilisation of a fluorescein-derivative of the
BG led to the localisation and the quantitative determination of
the yield of the expressed ASL'Y and the relative fusion proteins
(Table 2). On the other hand, despite the GFPs utilisation limited
only to all fluorescence-based applications, the possibility to
conjugate different groups to the BG- for the H® reaction®® dra-
matically expands the biotechnological potential of this novel pro-
tein-tag. For example, it will be possible to modulate the activity
of biocatalysts (by introducing inhibitors/activators), or connecting
them with other proteins for the improvement of cascade reac-
tions in the presence of bi-functional chemical groups (Figure 6).
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Figure S1. Expression of free H® in BL21(DE3) strain. Whole IPTG-inducted cells transformed
with pQE-ogtH® plasmid (lane 1)* were incubated and loaded on SDS-PAGE for the gel-imaging
and Coomassie staining analyses, as described in the Materials and Methods. Lane 2 corresponds to
the 1.0 ug of the purified free H®> enzyme. M, molecular weight marker. All used symbols are
described in Figure 3a.
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Figure S2. The tetrameric form of the ASL™-Ss/Gly fusion protein. Schematic representation of
the possible spatial disposition of the tetrameric SsBGly (PDB ID: 4GOW*) linked to four H® units
(PDB ID: 6GA0*), taking into account of the exposed first methionine residue of each SspGly
monomer (in orange). The hypothesized invagination of the external membrane of E. coli would
makes it possible the assembling of the tetrameric form and the consequent measured catalytic

activity of the SspGly.
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ABSTRACT ARTICLE HISTORY
Carbonic anhydrases (CAs, EC 4.2.1.1) are a superfamily of ubiquitous metalloenzymes present in all living Received 25 February 2019
organisms on the planet. They are classified into seven genetically distinct families and catalyse the hydra- Revised 3 April 2019
tion reaction of carbon dioxide to bicarbonate and protons, as well as the opposite reaction. CAs were  Accepted 5 April 2019
proposed to be used for biotechnological applications, such as the post-combustion carbon capture proc-
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esses. In this context, there is a great interest in searching CAs with robust chemical and physical proper- ; .
R . " X o Carbonic anhydrase;
ties. Here, we describe the enhancement of thermostability of the o-CA from Sulfurihydrogenibium thermostability;
yellowstonense (SspCA) by using the anchoring-and-self-labelling-protein-tag system (ASL'®). The anchored Sulfurihydrogenibium yellow-
chimeric H>-SspCA was active for the CO, hydration reaction and its thermostability increased when the stonens; alkylguanine-DNA-
cells were heated for a prolonged period at high temperatures (e.g. 70°C). The ASL"? can be considered alkyl-transferase; ASLtag
as a useful method for enhancing the thermostability of a protein useful for biotechnological applications,
which often need harsh operating conditions.
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1. Introduction reaction producing bicarbonate (HCOs™), whereas this last species

The hydration/dehydration reaction involving carbon dioxide, then generates carbonate (CO,) through a second dissociation
water, bicarbonate, and protons (CO, + H,0 = HCO;~ + H") is a reaction. These species are disseminated in the fluids of the all liv-
fundamentally important process for the planet and all its associ- ing organisms and are involved in a large number of physiological
ated forms of life'™. The dissolution of CO, in the aqueous phase processes, such as some biosynthetic pathways, photosynthesis,
develops carbonic acid (H,CO,), which is subject to an ionisation respiration, pH homeostasis, secretion of electrolytes, etc.®'". At
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physiological pH, the naturally uncatalysed CO, hydration reaction
has a catalytic constant (k.. of 0.15s ', whereas the uncatalysed
dehydration shows a kc.; of 50.0s' '%'3, These values are typical
of slow reactions and are not sufficient for accomplishing fast cel-
lular physiological processes which support metabolic activities
dependent on the dissolved inorganic carbon species (CO,,
HCO;~, CO5%7)°. Probably this is the reason why living organisms
evolved a superfamily of ubiquitous metalloenzymes, the carbonic
anhydrases (CAs, EC 4.2.1.1), which catalyse, and highly accelerate,
the above-mentioned reactions, at a very high rate with respect
to the non-catalysed reaction. CAs show kinetic constants Kkca
varying from 10% to 10° s™' for the hydration reaction'®'3,

Up to date, CA superfamily contains seven genetically distinct
families (or classes), named o-, -, y-, J-, (-, 5~ and e-CAs™'*'>,
characterised by multiple transcript variants and protein isoforms,
with different biochemical properties and specific tissue/organ
and sub-cellular localisations”®'#'%"'?, Generally, only o-class
enzymes are present in the animals®®?', whereas o-, -, 7-, 6- and
0-classes are found in plants and algae; - and f-CAs in fungi; o-,
p-, and/or n-CAs in protozoans; «-, - and y-CA classes in
bacteria7'19'15'22_25.

Studies carried out on the bacterial CAs concern two main
aspects. They are considered an attractive and rather new drug
target, because their inhibition affects the growth or virulence of
many pathogens*”?*28_ Furthermore, they are biocatalysts often
used in biotechnological applications?**°, such as the post-com-
bustion carbon capture process, artificial lungs, and biosen-
sors>'32. Many such processes are characterised by conditions,
which may be deleterious to an enzyme belonging to the meso-
philic organisms**>3*>_ In the field of biotechnology, there is a
great interest in searching proteins with robust chemical and
physical properties, which resist the hard conditions of industrial
processes. In this context, our groups identified in the genome of
the extreme thermophiles Sulfurihydrogenibium yellowstonense
and Sulfurihydrogenibium azorense two CAs, indicated with the
acronyms SspCA and SazCA, respectively. It has been demon-
strated that these two CAs belong to the «-CA class and showed
an excellent activity as catalysts for the CO, hydratase reaction
(keat =10°-10° s71)394672_|nterestingly, the two extreme enzymes
resulted to be highly thermostable, retaining an excellent catalytic
activity when heated for a prolonged period at a temperature
higher than 80°C3%%552 The X-ray tridimensional structures of
the two proteins demonstrated that the high compactness of the
dimeric structure, the higher content of secondary-structural ele-
ments, the increased number of charged residues on the protein
surface, and the vast number of ionic networks with respect to
the mesophilic counterparts, are the main structural elements
responsible for the protein thermostability?>3°. Moreover, Russo
et al. reported the use of free SspCA in experiment of CO, absorp-
tion®®> demonstrating that it is an excellent candidate for the bio-
mimetic capture of CO,. Subsequently, the necessity to use this
biocatalyst repeatedly and continuously, led to the immobilisation
of the recombinant SspCA on polyurethane foam (PU), a pre-poly-
mer of polyethylene glycol’*; onto supported ionic liquid mem-
branes (SMLs), in order to realise a system able to selectively
separate and transform CO,>>. Furthermore, the immobilisation
onto magnetic support for recovering the biocatalyst from the
bioreactor effortlessly and practically, for example through the use
of a magnet, was also proposed for these thermostable CAs>®.
Unfortunately, these strategies may discourage the wide utilisation
of enzymes in industrial applications because of the high costs
connected to the biocatalyst production and purification, and
the expenses for the preparation of the immobilisation support.
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Thus, to overcome this limitation, a one-step immobilisation pro-
cedure has been proposed, which consists in the overexpression
of SspCA directly onto the surface of bacterial hosts, by using the
ice nucleation protein (INP) from the Gram-negative bacterium
Pseudomonas syringae®’.

In this article, we describe the improvement of the thermo-
stability of SspCA by using a novel protein-tag system, the
ASL"9%8 The anchored SspCA was fused to the thermostable
variant of the alkylguanine-DNA-alkyl-transferase (H®) from the
hyperthermophilic archaeon Sulfolobus solfataricus. The chimeric
H>-SspCA was efficiently overexpressed on the bacterial surface
of Escherichia coli. The protonography technique showed that
the neosynthetised H>-SspCA was active for the CO, hydration
reaction. Even more intriguing, the chimeric H>-SspCA expressed
onto the bacterial surface resulted to be more stable with
respect to the non-chimeric SspCA, when treated at high temper-
atures (50.0 and 70.0°C) for a prolonged time. The ASL™ system
may thus be considered as a brilliant strategy to further increase
the thermostability of proteins to be used in biotechnological
applications, in which a highly effective and thermostable cata-
lyst is needed.

2. Materials and methods

2.1 Construction of vectors for surface fusion and H*-SspCA
overexpression

The vector pET-22b/INPN-SspCA was used to produce the pET-
ASL"9-SspCA vector, which overexpressed onto the bacterial sur-
face the chimeric H>-SspCA. The pET-22b/INPN-SspCA and pET-
ASL"9-SspCA vectors were prepared as described previously®” %,
For overexpressing the chimeric H>-SspCA or SspCA on the bac-
terial cell surface, competent E. coli BL21 (DE3) cells were trans-
formed with the above-mentioned constructs. They were grown
at 37.0°C and induced with 1.0mM isopropyl-thio-f$-D-galacto-
side (IPTG) and 0.5mM ZnSO, at an ODgy, of 0.6-0.7. After add-
itional growth for 6 h, the cells were harvested by centrifugation
and washed three times with PBS 1x. Aliquots of cells were
resuspended in 25mM Tris/HCI and used to determine the
enzyme activity and for the preparation of the outer mem-
brane fraction.

2.2 Carbonic anhydrase assay and SDS-PAGE

CA activity assay was a modification of the procedure described
by Capasso et al.>. Briefly, the assay was performed at 0°C using
CO, as substrate and following the pH variation due to the cata-
lysed conversion of CO, to bicarbonate. Bromothymol blue was
used as the indicator of pH variation. The production of hydro-
gen ions during the CO, hydration reaction lowers the pH of the
solution until the colour transition point of the dye is reached.
The time required for the colour change is inversely related to
the quantity of CA present in the sample. Wilbur-Anderson units
(WAU) were calculated according to the following definition: one
WAU of activity is defined as (To—T)/T, where Ty (uncatalysed
reaction) and T (catalysed reaction) are recorded as the time (in
seconds) required for the pH to drop from 8.3 to the transition
point of the dye in a control buffer and in the presence of
enzyme, respectively. Assay of the membrane-bound enzyme
(H>-SspCA or SspCA) was carried out using an amount of whole
cells or outer membranes ranging from 1.0 to 5.0 mg. Sodium
dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis
(PAGE) was performed as described by Laemmli using 12%
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gels.?® Samples were dissolved in buffer with 5% p-mercaptoe-
thanol. The gel was stained with Coomassie blue and protein
concentration was determined by Bio-Rad assay kit (Bio-Rad,
Hercules, CA).

2.3 Protonography and his-tag Western blotting

To perform the protonography, wells of 12% SDS-gel were loaded
with solubilised outer membranes having on their surface H>-
SspCA or SspCA, and a solution of free SspCA (enzyme overex-
pressed as cytoplasmic protein and purified as described previ-
ously®®). Samples were mixed with loading buffer without 2-
mercaptoethanol and without boiling the samples, to solubilise
cells and avoid protein denaturation. The gel was run at 180 V
until the dye front moved off the gel. Following the electrophor-
esis, the 12% SDS-gel was subject to protonography to detect
the cytoplasmic SspCA, the surface-SspCA, and surface-H>-SspCA
hydratase activity on the gel as described by Del Prete et al.%¢2
and De Luca et al.%®. To perform the Western-Blot, after a 12%
(w/v) SDS-PAGE, the overexpressed cytoplasmic SspCA and the
membrane-bound enzymes (SspCA and H°-SspCA) were also
electrophoretic transferred to a PVDF membrane with transfer
buffer (25mM Tris, solubilised whole cells 192 mM glycine, 20%
methanol) by using Trans-Plot SD Cell (Bio-Rad, Hercules, CA).
His-tag Western blot was carried out using the Pierce Fast
Western Blot Kit (Thermo Scientific, Waltham, MA). The blotted
membrane has been placed in the wash blot solution Fast
Western 1x Wash Buffer to remove transfer buffer. Primary
Antibody Working Dilution was added to the blot and incubated
for 30.0min at room temperature (RT) with shaking. After, the
blot was removed from the primary antibody solution and incu-
bated for 10.0min with the Fast Western Optimized HRP
Reagent Working Dilution. Subsequently, the membrane was
washed two times in about 20ml of Fast Western 1x Wash
Buffer. Finally, the membrane was incubated with the Detection
Reagent Working Solution and incubated for 3.0 min at RT and
then developed with X-ray film.

2.4 Determination of the H® activity by an in vitro and in vivo
fluorescent assay

Whole overnight inducted E. coli BL21(DE3) cells were collected
and the expression of the H>-derived fusion proteins was analysed
by an in vitro assay with the fluorescent SNAP-Vista Green™ sub-
strate (New England Biolabs, Ipswich, MA; hereinafter BG-FL), as
previously described®®5*. The in vivo imaging was carried out as
described by Merlo et al.”®. Briefly, bacterial cells expressing the
H>-SspCA onto cell surface were washed twice in PBS 1x and
resuspended in 50.0 ul of the same buffer supplemented with
5.0 uM of the BG-FL. After incubation at 37.0°C for 30.0 min, cells
were washed twice, resuspended, and again incubated for
30.0min at 37.0°C, to allow the external diffusion of the
unreacted substrate. Images were collected using a DM6 fluores-
cence microscope and Hamamatsu camera under the control of
Leica LAS AF 6000 software; excitation and emission wavelengths
used suitably for AlexaFluor488 dye were Ae,=490nm;
Jem = 525 nm, respectively.

2.5 Outer membrane preparation

The bacterial outer membranes were fractioned by inner mem-
branes as described previously by Del Prete et al.>’. Briefly, 2.0g

of harvested bacterial cells were resuspended and disrupted by
sonication on the ice. Cell extract was ultracentrifuged to recover
the total membrane fraction. The outer membrane fraction was
purified resuspending the pellet in phosphate-buffered saline (PBS
1x) containing 0.01 mM MgCl, and 2% Triton X-100 and incu-
bated at RT for 30.0min to solubilise the inner membrane. The
outer membrane fraction was then pelleted by ultracentrifugation
at 120,000xg and used for further experiments.

E.coli BL21(DE3) E.coli BL21(DE3)
pET-22b/INPN-SspCA  pET-ASL“9-SspCA

Alexa 488

BHF

Figure 1. Fluorescence microscopy of E. coli BL21(DE3) cells transformed with
PET-22b/INPN-SspCA (left) or with pET-ASL'-SspCA (right). The cells were incu-
bated with BG-FL and then analysed by fluorescence microscopy. Images show
bright field (BHF) and AlexaFluor488 (green). As expected, the fluorescence is
only evidenced for the bacterial cell transformed with the ASL' system.

MW
(kDa)

75

STD 1 2

50

37

Figure 2. Western Blot performed on the outer membrane purified from the
whole bacterial cells. The anti His-tag antibody was raised against the C-terminus
of His-tagged SspCA. Legend: Lane Std, molecular markers, M.W. starting from
the top: 75.0, 50.0, and 37.0kDa; Lane 1, anchored SspCA; Lane 2, anchored
H>-SspCA.



2.6 Temperature stability studies

2.6.1 Thermostability

Bacterial cells (2.09/20ml) were incubated at 25.0, 50.0, and
70.0°C for different time up to 24h to compare the stability of
the membrane-bound enzymes (SspCA and H>-SspCA) at the
above-indicated temperatures. Cell membrane-bound enzymes ali-
quots were withdrawn at appropriate times and the residual activ-
ity was measured using CO, as the substrate. All data have been
analysed using GraphPad Prism version 5.0 software (GraphPad

(A) co.
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Software, San Diego, CA). Curves were obtained by the mean of
three independent determinations.

2.6.2 Long-term stability

Membrane-bound SspCA or H>-SspCA were investigated for their
long-term stability at different temperatures (25.0, 50.0, and
70.0 °C) by assaying their hydratase residual activities using CO, as
substrate and withdrawing aliquots of cell surface SspCA or

HCO,

Figure 3. Model representation of an outer membrane fraction (OM; pdb from Tieleman and Berendsen®”) describing the in vivo immobilisation of SspCA (in blue; PDB
ID: 4G7A; panel A) and in fusion with H® (in green; PDB ID: 6GAOQ; panel B). The INPN domain is omitted because inserted in the OM. The catalytic reaction of SspCA
(the hydration/dehydration of CO,) and H® (the conversion of BG-FL in the free guanine and the fluorescent benzyl-guanine derivative, B-FL, covalently linked to the

active site of H°) are also shown.
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(C) IPTG

100 kDa

——/75 kDa

Figure 4. Protonography (Panel A), fluorescence gel-imaging (Panel B) and Coomassie staining (Panel C) of SspCA and H5-SspCA carried out with different amounts of
the whole E. coli cells (see Materials and Methods). Filled green, white and black arrows represent the ASL™-SspCA, INPN-SspCA and the free SspCA, respectively.

H>-SspCA at appropriate times. All the buffers were sterilised by
using a sterile 0.22 um filter, while samples containing the mem-
brane-bound enzymes were treated with a diluted solution of
NaNs to avoid contamination. All data were obtained by the mean
of 3 independent determinations.

3. Results and discussion
3.1 Expression and surface localisation of SspCA and H>-SspCA

Expression of the SspCA and H>-SspCA was realised through the
one-step procedure, by transforming the E. coli cells with the con-
struct expressing a gene composed of a signal peptide (necessary
for the periplasmic translocation of the protein), the P. syringae
INPN domain (fundamental for displaying the overexpressed pro-
tein onto the bacterial surface), and the protein of interest (SspCA
or H>-SspCA). This strategy has the advantage to overexpress and
directly immobilise in vivo the a-CA or other proteins on the bac-
terial cell surface. Besides, the system expressing the H>-SspCA,
named anchoring-and-self-labelling-protein-tag (ASL'*9), allowed
the labelling of the neosynthesised protein fused to H> through
the use of the fluorescein derivative of the 0°-BG (BG-FL), which is
the substrate of H>. As reported in Figure 1, the expression of the
chimeric H>-SspCA on the bacterial surface has been confirmed
using the H> substrate and analysing the whole bacterial cells
with fluorescent microscopy. The irreversible reaction of the
ASL™ system with a fluorescent substrate allowed the quantita-
tive determination of the immobilised bacterial «-CA or of other
proteins fused to H>, by in vitro gel-imaging techniques as
described by Del Prete et al.>” and Merlo et al.*®. Diversely from
H>-SspCA, the expression of the anchored His-tagged SspCA

(without the H®) has been confirmed only by the Western Blot
analysis using an anti-His-tag antibody (Figure 2), indicating an
expected molecular weight of 50.0kDa (the sum of the INPN and
SspCA polypeptide chains produced with the construct pET-22b/
INPN-SspCA; see the experimental section). Anchored His-tagged
H>-SspCA showed a higher molecular weight (70.0kDa) with
respect to the non-chimeric protein because of the presence of
the H® protein (158 amino acid residues). The H>-SspCA Western-
Blot fully supports the fluorescence microscopy results. Thus,
using this one-step procedure, the thermostable proteins o-CA
(SspCA) and the chimeric ASL™ -SspCA>® were efficiently
expressed on the external side of the bacterial outer membrane.
Figure 3 reports a model representing the in vivo immobilisation
of SspCA (Panel A) and chimeric H>-SspCA (Panel B) on the bacter-
ial external cell surface. Moreover, Figure 3 shows the reactions
catalysed by both the biocatalysts (the hydration/dehydration of
CO, and the conversion of BG-FL in the free guanine and the
fluorescent benzyl-guanine derivative covalently linked to the
active site of H).

3.2 Hydratase activity of the membrane anchored SspCA and
H>-SspCA

Using CO,; as the substrate, the hydratase activity of all the forms
of SspCA has been investigated in solution®”. The results showed
that the membrane-bound SspCA with and without H> was an
active enzyme, when immobilised on the bacterial surface. The
CO, hydratase activity of SspCA and H?-SspCA did not show any
differences. The results also evidenced that 1.0 ug of bacterial cells
had a CO, hydratase activity corresponding to that of 10.0ng of
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Figure 5. The thermostability of immobilised SspCA and H>-SspCA on the bacterial surface. Measures were carried out at indicated temperatures, by using aliquots of

the whole cells incubated up to 24h. Legend: continuous line, membrane-bound H*-SspCA; dashed line, membrane-bound SspCA. Each point is the mean of three
independent determinations.
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Figure 6. The long-term stability of immobilised SspCA and H>-SspCA on the bacterial surface. Measures were carried out at indicated temperatures up to 10 d, using
aliquots of whole bacterial cells. Continuous line: free SspCA; Dashed line: membrane-bound SspCA. Each point is the mean of three independent determinations.

free SspCA. Probably, anchored SspCA or H>-SspCA is subjected to  indicated that the presence of SspCA does not affect the activity
various phenomena, which influence the enzymatic reaction, e.g. a  of the thermostable H> enzyme on the BG-FL substrate.

reduction of the structural conformational changes (this is typical

of an immobilised enzyme); a different substrate access to the

active site with respect to the free biocatalyst due to the bacterial 3.3 Stability of SspCA and H*-SspCA linked to the bacterial

cell surface microenvironment, and, finally, an aggregation of the cell surface

cells or outer membranes used in the assay. Otherwise, the activ- . . .

ity of SspCAs was compared by using the protonography, which is Using the V\;hole bacterial cells expressing on the externall surface
a technique able to reveal the hydrogen ions produced by the SspCA or H>-SspCA, the effect of the CO, hydratase reaction as a
hydratase activity reaction as a yellow band on the SDS-PAGE. The ~function of temperature has been investigated. In Figure 5, the
protonography results showed that the all the forms of SspCA residual activity of the SspCA and H>-SspCA remained almost con-
(the two membrane-bound ones and the free enzyme) had a com- ~ stant at 25.0 and 50.0°C, retaining their residual activity at 100%
parable enzyme activity and a different molecular weight on SDS-  up to 24 h (panel A) and at 70% up to 6h of incubation (panel B),
PAGE (Figure 4, panel A and C). Protonography corroborated the  respectively. In contrast, it is readily apparent that at higher tem-
results obtained with the fluorescent microscopy (Figure 1) and  peratures (70.0°C) SspCA and H>-SspCA behave differently (Figure
Western Blot (Figure 2). Interestingly, H>-SspCA fluorescent band 5, panel Q): the residual activity of SspCA started to decline rapidly
at a molecular weight of about 70.0kDa (Figure 4, panel B) after 2h, getting a value of about 60% after 14h of incubation;
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whereas the stabilising effect of H> on the SspCA showed a
residual activity of about 85% and remained almost constant for
the rest of the time indicated in the figure (panel C). These results
demonstrated that the anchoring ASL'Y system, enhanced the
SspCA stability of about 20%. On the other hand, it is important
to highlight that both anchored enzymes continued to work for
several hours at temperatures considered prohibitive for the free
enzymes, as SspCA, which Russo et al. demonstrated to show a
residual activity of 20% when heated at 70.0°C for 15min>’. This
aspect is crucial in the context of the post-combustion carbon
capture process, which requires temperatures ranging from 40.0
and 60.0°C°3. Figure 6 shows the residual activity for the CO,
hydration reaction for SspCA and H>-SspCA when the whole cells
were treated at different temperatures for a very long period (up to
10 d). At 25.0°C, the SspCA residual activity started to decrease
after 4 d and reached a value of about 70% after 10 d, while H>-
SspCA remained almost constant (panel A). At 50.0 and 70.0°C, the
residual activity of SspCA decreased up to 40 and 20%, respectively
(panel B and C), whereas H>-SspCA showed a residual activity of
about 60 and 40%, respectively (panel B and C). All these data con-
firmed that the presence of a thermostable protein-tag between the
INPN anchoring domain and the SspCA significantly improved the
long-term stability and the storage of this CA.

4. Conclusions

The ASL" system efficiently overexpressed the chimeric H>-SspCA
onto to the bacterial cell surface, as demonstrated by fluorescence
microscopy and Western-Blot. As expected, the CO, hydratase
assay and the protonography showed that SspCA was still very
active, even linked on the bacterial surface and the H®> moiety,
showing a CO, hydratase activity similar to that of its anchored
counterpart without H’. Furthermore, by investigating the behav-
iour of the whole bacterial cells expressing on the external surface
SspCA or H>-SspCA at different temperatures, we demonstrated an
enhancement in terms of thermal stability of the chimeric protein.
In conclusion, the H>-SspCA obtained by the ASL' system consti-
tutes a valid strategy for further increasing the thermostability of
proteins, for processes in which a highly effective, thermostable
catalyst is needed.
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Abstract

The specific labelling of proteins in recent years has made use of self-labelling proteins, such as the SNAP-tag® and the
Halotag®. These enzymes, by their nature or suitably engineered, have the ability to specifically react with their respective
substrates, but covalently retaining a part of them in the catalytic site upon reaction. This led to the synthesis of substrates
conjugated with, e.g., fluorophores (proposing them as alternatives to fluorescent proteins), but also with others chemical
groups, for numerous biotechnological applications. Recently, a mutant of the OGT from Saccharolobus solfataricus (H)
very stable to high temperatures and in the presence of physical and chemical denaturing agents has been proposed as a
thermostable SNAP-tag® for in vivo and in vitro harsh reaction conditions. Here, we show two new thermostable OGTSs from
Thermotoga neapolitana and Pyrococcus furiosus, which, respectively, display a higher catalytic activity and thermostability
respect to H>, proposing them as alternatives for in vivo studies in these extreme model organisms.
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- Protein-tag - Biotechnology

Introduction

Protein-tags are short or long peptide sequences geneti-
cally fused to recombinant proteins for various purposes,
as affinity purification, protein localization and general
labelling procedures. In some cases, the presence of these
tags enhances the solubilization of proteins and enzymes
expressed in chaperone-deficient species such as Escherichia
coli, to assist in the proper folding of proteins and avoid pre-
cipitation. These include commercially available thioredoxin
(TRX), poly(NANP), maltose-binding protein (MBP), and
glutathione S-transferase (GST). The discovery of Fluores-
cent Proteins (FPs) has revolutionized the world of cell and
molecular biology, allowing several applications as reporter
gene in fluorescence microscopy (Chalfie et al. 1994; Tsien
1998; Aliye et al. 2015). Although FPs are intrinsically
fluorescent without the addition of any external substrate,
they have some disadvantages. Indeed, their relatively large
dimensions and the sensitivity to environmental changes (pH
or the absence of O,) affect the formation of the internal
natural fluorophore (Ashby et al. 2004; Campbell and Choy
2000).
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«Fig.1 a A cartoon of the AGTs irreversible reaction mechanism is
shown as example: the SsOGT enzyme (PDB ID: 4ZYE) recognizes
the methylated guanine on DNA (from PDB ID: 4ZYD) and proceeds
to the irreversible transfer of the methyl group from the guanine to
the catalytic cysteine, inactivating the protein (from PDB ID: 4ZYG)
(Perugino et al. 2015). b The SNAP-tag® technology is based of an
engineered variant of the hAGT, which is able to recognize BG-
derivative substrates, and irreversibly transferring in its active site
a desired chemical group conjugated to the benzyl moiety. Conse-
quently, this allows the labelling of a protein of interest expressed as
fusion protein to the SNAP-tag®. ¢ The use of commercially available
fluorescent AGT substrates led to the setting up of new safety AGT’s
assay, for the determination of the catalytic activities, or inhibition
studies in the presence of natural substrates (e.g., alkylated DNA) or
AGT’s inhibitors

Recently, studies on O°-alkylguanine-DNA-alkyl-trans-
ferases (AGTs, OGTs or MGMTs; EC: 2.1.1.63) led to the
proposal of alternative protein-tags with new behaviours,
useful for several applications in many fields. In nature,
these ubiquitous small proteins have a crucial role in the
direct repair of DNA by alkylating agents (Mishina et al.
2006; Serpe et al. 2019) and the human homolog (hAGT)
is target of chemotherapic drugs for its crucial role in many
types of tumours (Sun et al. 2018; Aoki and Natsume
2019). Their catalytic activity is based on the recognition
of the damage on DNA (an O%-alkylguanine or an O*-alkyl-
thymine) and, by a one-step reaction mechanism (via SN,
type), the alkylic group from the damaged base is irrevers-
ibly transferred to a cysteine residue in their own active site
(Daniels et al. 2000, 2004; Fang et al. 2005; Tubbs et al.
2007; Pegg 2011; Yang et al. 2009) (Fig. 1a). For these
reasons, they are called suicide or kamikaze proteins, with
a 1:1 stoichiometry of their reaction with the natural sub-
strate. However, some AGTs resulted very reactive with a
strong inhibitor, the O%-benzyl-guanine (0°-BG), which was
used in combination with chemotherapic drugs (Pegg et al.
2001; Luu et al. 2002; Coulter et al. 2007). This informa-
tion led professor Kai Johnsson and his group to put their
effort for the production of a new protein-tag from a variant
of the hAGT, introducing the SNAP-tag® technology in the
“biotech” scenario (Keppler et al. 2003, 2004; Gronemeyer
et al. 2006; Gautier et al. 2008; Mollwitz et al. 2012): upon
the irreversible reaction, hAGT keeps the benzyl moiety of
the substrate covalently linked to its catalytic cysteine. This
makes possible the labelling of this protein (and a relative
protein of interest, if expressed as fusions with it) when any
chemical group conjugated to the benzyl moiety of 0°®-BG
(Keppler et al. 2003, 2004; Gautier et al. 2008) (Fig. 1b).
Furthermore, the commercially available fluorescent 0°BG
derivatives (as the SNAP-Vista Green® and the SNAP-Cell®
TMR Star; New England Biolabs) allowed the development
of new applications in the fluorescent microscopy field, and
recently of a new fluorescent assay for all the BG-sensitive
AGTs, overcoming the traditional, long and unsafe assays

for this class of proteins based on HPLC procedures and
radioactive substrates (Hishiguro et al. 2008; Perugino et al.
2012). The presence of methylated-DNA in this assay, led
to the determination of the activity of AGTs on their natu-
ral substrates, by applying the classical enzyme inhibition
approaches (Fig. 1c) (Perugino et al. 2012, 2015; Miggiano
et al. 2013, 2017; Vettone et al. 2016; Morrone et al. 2017).

All the above-mentioned protein-tags have the disadvan-
tage to be employed in mild reaction conditions and in meso-
philic organisms. This was successfully overcome by the
introduction of a thermostable OGT from the hyperthermo-
philic archaea Saccharolobus solfataricus (formerly Sulfolo-
bus solfataricus). Starting from the studies of the wild-type
enzyme (SsOGT), which not only displays the same behav-
iours of the hAGT on BG derivatives, but is also character-
ized by an exceptional stability at extremes of temperature,
pH, ionic strength and the presence of denaturing agents
(Perugino et al. 2012), we developed a DNA-bindingless
variant (called H’), which resulted in a strong “thermostable
SNAP-tag®”. H> was successfully employed in in vivo het-
erologous expression in thermophilic organisms as Thermus
thermophilus HB27 and Sulfolobus islandicus E233S1 (Vet-
tone et al. 2016; Visone et al. 2017), in fusion with a ther-
mostable B-glycosidase and a S. solfataricus reverse gyrase
(Vettone et al. 2016; Visone et al. 2017), as well as under
extreme reaction conditions as gene reporter in in vitro tran-
scription/translation systems based on Sulfolobus cell lysates
(Lo Gullo et al. 2019). Furthermore, H> was successfully
fused to the N-terminal domain of the ice nucleation protein
(INPN) from the Gram-negative bacterium Pseudomonas
syringae, a transmembrane protein useful for the one-step
heterologous expression and the in vivo immobilization of
proteins of interest on the outer membrane of E. coli (Samu-
elson et al. 2002). This led to the development of the new
Anchoring-and-self-labelling-protein-tag (ASL™®) (Merlo
et al. 2019), which simultaneously allows the immobilization
(by INPN) and the quantitative determination of the yield of
an immobilized protein (by the fluorescent assay using H>).
Surprisingly, the presence of the thermostable H> between
the INPN and a protein of interest resulted in an enhance-
ment of the stability of the latter, as it was the case for the
Sulfurihydrogenibium yellowstonense a-carbonic anhydrase
(Del Prete et al. 2019).

The growing demand to use recent technologies at very
extreme conditions in thermophilic bacteria and archaea,
such as the in vivo CRISPR-Cas immune systems, leads
us to search for new protein-tags with very high activity
and thermostability. In this regard, the present work is
focussed on the characterization of two new OGTs, from
the hyperthermophilic organisms Thermotoga neapolitana
and Pyrococcus furiosus. The purified proteins were com-
pared to SsOGT, showing respect to it exceptional charac-
teristics in terms of enzymatic activity and thermostability.

@ Springer



84

Extremophiles (2020) 24:81-91

These results open promising perspectives in the develop-
ment of new protein-tags to employ in these extreme model
organisms.

Materials and methods
Reagents

Fine chemicals were from Sigma-Aldrich, SNAP-Vista
Green® fluorescent substrate (hereinafter BG-FL) was from
New England Biolabs (Ipswich, MA). SYPRO Orange
5000x (Invitrogen). Synthetic oligonucleotides listed in
Table 1 were from Eurofins (Milan, Italy); Pfu DNA poly-
merase was from NZYTech (Portugal). The Bio-Rad protein
assay kit (Bio-Rad Pacific) was used for the determination of
the protein concentration, using purified BSA as standard.

DNA constructs

The cloning procedures for the construction of E. coli
expression plasmids were the same for both the proteins:
the ORF CTN1690/PF1878, encoding a putative OGT,
was amplified from genomic DNA from Thermotoga nea-
politana DSMZ 4359T/Pyrococcus furiosus JFW02 strain
genomic DNA, using Lig5:Lig3 TnOGT/PfuOGT oligo-
nucleotides pairs (listed in Table 1) and directly cloned
into the expression vector pHTP1 (NZYTech, Portugal),
following the instructions described in the NZYEasy Clon-
ing and Expression kit I (NZYTech, Portugal) manual.
The ligation mixture was entirely used to transform com-
mercial E. coli DH5a cells (NZY5a Competent Cells-
NZYTech, Portugal) and positive clones were confirmed
by PCR. Subsequently, a DNA fragment from the resulted
pHTP1-TnOGT/pHTP1-PfuOGT was removed by diges-
tion with Nco I restriction endonuclease, and was replaced
by a double-stranded oligonucleotides (NZY-His Fwd2
and NZY-His Rev2; Table 1), whose DNA sequence
expresses a shorter Hiss-tag (MAHHHHHHTG-), similar
to that at the N-terminal of the SsOGT protein (Perugino

Table 1 List of oligonucleotides used in this study

et al. 2012). Positive clones after transformation of the
ligation mixture in E. coli KRX competent cells were con-
firmed by DNA sequencing.

Protein purification

TnOGT and PfuOGT were expressed in the E. coli BL21
(DE3) cells grown overnight at 37 °C in Luria—Bertani
(LB) selective medium supplemented with 50 mg/L kana-
mycin and 30 mg/L chloramphenicol, and the protein
expression was induced with 1.0 mM isopropyl-thio-f-p-
galactopyranoside (IPTG), when an absorbance value of
0.5-0.6 Agyy ,m Was reached. Harvested cells were resus-
pended 1:3 (w/v) in Buffer A (50 mM phosphate, 300 mM
NaCl; pH 8.0) supplemented with 1% Triton X-100 and
stored overnight at —20 °C. After this first step of lysis,
the biomass was treated with lysozyme and DNAse for
60 min in ice, followed by a sonication step. Finally, the
lysate was centrifuged for 30 min at 60,000Xg in and the
cell extract recovered. To remove E. coli contaminants,
all cell extracts were incubated 20 min at 70.0 °C and
20 min at 65 °C, respectively, followed by a centrifuga-
tion at 13,000xg at 4.0 °C; the supernatant was diluted
1:2 (v/v) in purification Buffer A and applied to a Protino
Ni—-NTA Column 1.0 mL (Macherey—Nagel) for Hisq-tag
affinity chromatography. After two washing steps of 10
column volumes of Buffer A and 10 column volumes of
Buffer A supplemented with 25.0 mM imidazole, the elu-
tion was performed in 20 column volumes of buffer A, by
applying a linear gradient of 25.0-250.0 mM imidazole.
The fractions containing the protein were collected and
analysed by SDS-PAGE. TnOGT was dialysed against PBS
1 X buffer (phosphate buffer 20 mM, NaCl 150 mM; pH
7.3), whereas the fractions of the PfuOGT protein were
pooled, concentrated and subjected to a further gel-fil-
tration chromatography, using a Superdex 75 10/300 GL
column (GE Healthcare Life Sciences). Finally, both the
proteins were concentrated and loaded on 15% SDS-PAGE
gel to confirm its purity and stored at —20.0 °C.

Name Sequence

Notes

Lig5-PfuOGT
Lig3-PfuOGT

5" TCAGCAAGGGCTGAGGCCATGGTATTGGAAGTTAGG-3'
5'-CCTCAGCGGAAGCTGAGGTTAGCTTGTCCATCCTTCC-3'

Nco I site underlined
Nco I site underlined
Inserting an Hisg-tag (MAHHHHHHTG-; under-

lined) upstream the PfuOGT and TnOGT sequence
From Perugino et al. (2015); M = O®-methyl-guanine

Lig5-TnOGT 5'"TCAGCAAGGGCTCAGGCCATGGGAGATCGA-3'
Lig3-TnOGT 5'-CCTCAGCGGAAGCTGAGGTTATCGACTACCTCGC-3'
NZY-His fwd2 5'-catgGCACACCATCACCATCACCATACGGG-3'
NZY-His rev2 5'-catgCCCGTATGGTGATGGTGATGGTGTGC-3’

Fwd™ 5'-ggcMgtaggcctageatgacaatctgeattggtgatcacgg-3'

Rev4 5'-ccgtgatcaccaatgcagattgtcatgctaggectaccgee-3'

From Perugino et al. (2015)
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In vitro alkyl-transferase assay

The fluorescent substrate BG-FL was used for the determina-
tion of the catalytic activity of all thermostable enzymes ana-
lysed, as previously described (Perugino et al. 2012, 2015;
Miggiano et al. 2013; Vettone et al. 2016; Visone et al. 2017,
Merlo et al. 2019; Del Prete et al. 2019). Briefly, 5.0 pM
of protein (ca. 0.1 mg/mL) was incubated with 10.0 pM of
BG-FL in Fluo Buffer 1 x(50.0 mM phosphate, 100.0 mM
NaCl, 1.0 mM DTT; pH 6.5) at different temperatures and
times, as indicated; each reaction was stopped by adding
a Laemmli buffer 1 X (formamide 95%; EDTA 20.0 mM;
bromophenol 0.05%), followed by denaturation at 100.0 °C
and the direct loading of the sample on SDS-PAGE. The gel
was first analysed by fluorescence imaging on a VersaDoc
4000™ system (Bio-Rad) by applying as excitation/emission
parameters a blue LED/530 bandpass filter, and then was
stained by Coomassie. Assuming the irreversible mecha-
nism with 1:1 BG-FL/OGT ratio, fluorescence intensity data
were corrected for the amount of loaded protein, and fitted
by applying the second-order rate equation, to determine
the relative amount of covalently modified protein in time-
course experiments. (Gautier et al. 2008; Miggiano et al.
2013; Perugino et al. 2012, 2015).

Competitive assay and IC;, calculation

Competitive assay using the fluorescent substrate in the pres-
ence of double strands (ds) oligonucleotides pairs (Fwd™:
Rev4; Table 1), containing a single O%-methyl-guanine, was
performed as described (Perugino et al. 2015) to determine
the half maximal inhibitory concentration (ICs,), that is the
concentration of methylated DNA needed to reduce the fluo-
rescence intensity of the OGT band by 50.0%. Reactions
incubated at fixed temperatures with increasing concentra-
tions (0.0-10.0 pM) of ds-Fwd™ and keeping constant the
BG-FL concentration (5.0 pM) were performed for 10 min
at 50.0 °C. Corrected data of fluorescence intensity were
fitted with the IC;, equation (Perugino et al. 2015; Morrone
et al. 2017).

Protein stability analysis

The stability at several conditions of the thermostable OGTs
was analysed by the differential scan fluorimetry method
(DSF), adapted by a protocol previously described for the
SsOGT and relative mutants (Niesen et al. 2007; Perugino
et al. 2015; Vettone et al. 2016; Morrone et al. 2017). Trip-
licates of each condition containing 25.0 pM of enzyme
(ca. 0.5 mg/mL) in PBS 1x buffer and SYPRO Orange dye
1x were subjected to a scan of 70 cycles at temperatures
from 25.0 to 94.0 °C for 10 min/°C X cycle, and analysed in a
Real-Time Light Cycler™ (Bio-Rad). Relative fluorescence

data were then normalized to the maximum fluorescence
value within each scan. Obtained plots of fluorescence inten-
sity vs temperature displayed sigmoidal curves (typical of
a two-state transition), which allowed the determination of
the inflection points (7}, values) by fitting the Boltzmann
equation (Niesen et al. 2007; Perugino et al. 2015; Vettone
et al. 2016; Morrone et al. 2017).

Data analysis and softwares

Prism Software Package (GraphPad Software) and GraFit
5.0 Data Analysis Software (Erithacus Software) were used
for the data analysis from activity, competitive inhibition
and stability assays.

Results and discussion
The OGT from Thermotoga neapolitana

Thermotoga neapolitana is a hyperthermophilic Gram-neg-
ative bacterium of the order Thermotogales (Belkin et al.
1986; Jannasch et al. 1988) that include good candidates
for genetic engineering and biotechnological applications
(Conners et al. 2006; Zhang et al. 2015; Fink et al. 2016;
Donaldson et al. 2017; Han and Xu 2017). Several Thermo-
togales have been studied for the fermentative production
of hydrogen (H,) by [FeFe] hydrogenases with yield close
to the theoretical Thauer limit of four moles of H, per mole
of consumed sugar (d’Ippolito et al. 2010; Pradhan et al.
2015, 2016). T. neapolitana also shows a novel, anaplerotic
process named capnophilic lactic fermentation (CLF) that
leads to the synthesis of lactic acid (LA) without affecting
H, production under CO, trigger (Di Pasquale et al. 2014;
d’Ippolito et al. 2014; Pradhan et al. 2017).

The ORF CTN1690 of T. neapolitana encodes a
putative 174-aa polypeptide, with a calculated molec-
ular weight of 19.9 kDa, and a clear homology to the
0°%-alkylguanine-DNA-alkyl-transferases. Furthermore,
lyophilised T. neapolitana cells incubated with the BG-FL
substrate showed a strong fluorescent signal close to that
of SsOGT by gel imaging after SDS-PAGE (Fig. 2a). The
observed molecular weight and, mostly the sensitivity to
the benzyl-guanine derivative BG-FL substrate, led to the
cloning and the heterologous expression in E. coli of the
His-tagged version of this protein. After purification by
affinity chromatography, the protein was fully active on
BG-FL (Fig. 2a) and was further subjected to a biochemi-
cal characterization. The inhibition assay in the presence
of methylated-dsDNA (Table 2) and the fluorescent sub-
strate BG-FL allowed the determination of an IC, value
similar to that obtained with the S. solfataricus enzyme,
thus confirming a role in DNA repair of this thermophilic
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cloning, expression in E.coli
and purification

fluorescence imaging

a T.neapolitana cells - NT 40°C 60°C
SsOGT (100 ng) + - - -
BG-FL + + + +
SsOGT ’
b

protein, hereinafter properly named 7nOGT (Table 2;
Perugino et al. 2015). Surprisingly, the enzyme from 7.
neapolitana displayed a very high activity at low tempera-
tures (Table 3), similar to that shown by the SsOGT-H’
mutant (Perugino et al. 2012; Vettone et al. 2016). This
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feature hampered the determination of second order con-
stants at temperatures above 50.0 °C, since its reaction
rate went beyond the technical limits of our assay. Such
a high activity at moderate temperatures was obtained
with the H> mutant by replacing the conserved S132 with
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«Fig.2 The OGT from Thermotoga neapolitana. a Lyophilized T.
neapolitana cells grown in the presence of CO,, were resuspended
in PBS 1x buffer and BG-FL 5.0 pM and incubated 120 min at the
indicated temperatures; NT, resuspended cells immediately loaded on
SDS-PAGE. The TnOGT gene was expressed in E. coli and protein
was purified by His-tag affinity chromatography, as descripted in the
“Materials and methods”. Lane M: molecular weight marker; lane 1:
cell-free extract; lane 2: flowthrough; lanes 3 and 4: column wash-
ing; lanes 5-8: eluted protein by imidazole gradient. Filled and empty
green arrows indicate labelled proteins and the BG-FL substrate,
respectively. b Superimposition between the SsOGT 3D structure
(PDB ID: 4ZYE; coloured as described in the legend) and a model
of the TnOGT (in gray). Insets represent a zoom-view of local ionic
interactions in SsOGT compared with the same positions in 7nOGT.
Atoms are coloured according the CPK convention (carbon, in the
corresponding colour of each 3D structure; nitrogen, in blue; oxygen,
in red; sulphur, in yellow)

a glutamic acid residue. This replacement was also per-
formed on the SNAP-tag®: the substitution led to a strong
enhancement of the activity of both these engineered
OGTs towards the O°-BG derivative substrates (Juillerat
et al. 2003; Perugino et al. 2012). However, the superim-
position analysis between a TnOGT model (constructed
by the i-TASSER freeware; https://zhanglab.ccmb.med.
umich.edu/I-TASSER/) and the 3D structure of the free
form of SsOGT (PDB ID: 4ZYE) revealed the presence of
the conserved serine in 7nOGT (Fig. 2b): evidently, other
residues in the active site contribute to the exceptional
catalytic activity of this enzyme.

On the other hand, 7nOGT was unusually prone to deg-
radation during the storage at —20.0 °C, showing a series
of bands below the full length, both in fluorescence imag-
ing and in coomassie staining (Fig. Sla). This lability
hampered measurements of thermostability from the DSF
analysis. The reason for this degradation is unexpected:
the recombinant enzyme is in its full-length form in E.
coli cells, as well as after heat treatment of the cell free
extract, and finally after purification by affinity chroma-
tography (see “Materials and methods”; Fig. 2a). From
coomassie staining analysis, three main bands of approx.
17.5, 16.1 and 14.7 kDa were detected (Fig. S1). Since
they were also fluorescent (and, therefore, catalytically
active), it is probable that these cuts are at the expense
of the N-terminal domain, still keeping the polypeptides
joined together, and making the enzyme catalytically
active in solution. Again, from the superimposition, in
TnOGT some residues that play an important role in the
stabilization of SsOGT are missing. In particular, the
ionic interactions that have a crucial role in the stability
of the Saccharolobus enzyme at high temperatures, as
the R133-D27 pair (Perugino et al. 2015) and the K-48
network (Morrone et al. 2017), are mainly replaced by
hydrophobic residues in the Thermotoga homolog.

The Pyrococcus furiosus
0°%-alkylguanine-DNA-alkyl-transferase

Pyrococcus furiosus is one of the best-studied representa-
tives among microorganisms able to thrive above the boil-
ing point of water (Kengen 2017). It was originally isolated
anaerobically from geothermally heated marine sediments
of Porto Levante (Vulcano Island, Italy), and described in
1986 by Karl Stetter and Gerhard Fiala (Fiala and Stetter
1986). This microorganism in the last decades was a source
of thermostable enzymes, with potential applications in vari-
ous industrial processes: the most famous example is the
DNA polymerase I described in 1991 (Lundberg et al. 1991),
possessing an associated 3'-5' exonuclease activity (Kengen
2017). Recently, the discovery of the CRISPR-Cas systems
in P. furiosus provides fundamental knowledge for new bio-
medical and biotechnological applications (Hael et al. 2009;
Terns and Terns 2013).

In 1998, Margison and co-workers demonstrated the
presence of an OGT activity in P. furiosus, identifying a
22.0 kDa size band by an SDS-PAGE fluorography assay

Table 2 DNA repair activity of OGTs by competitive inhibition stud-
ies in the presence of BG-FL (used as substrate) and a ds oligonucle-
otide containing an O°-methylated-guanine (as inhibitor; see Table 1)

ICsy (M) Notes
SsOGT 1.01+0.08 From Perug-
ino et al.
(2015)
TnOGT 0.53+£0.13 This study
PfuOGT 0.88+0.10° This study

*Performed at 65 °C

Table 3 Catalytic activities as a function of temperature of thermo-
stable OGTs, expressed as second-order rate constant values in the
presence of the sole BG-FL substrate

TCC) K@ 'M™)  Notes
SsOGT 25 2.80x 103 From Perugino et al. (2012)
50 1.50x10* This study
70 5.33x10* From Perugino et al. (2012)
80 ND This study
TnOGT 25 4.65%10* This study
50 2.19%x10* This study
70 ND This study
80 ND This study
PfuOGT 25 ND This study
50 1.80x10° This study
70 2.30%10° This study
80 1.20x10* This study
90 1.50%10° This study
ND not determined
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(Skorvaga et al. 1998). Furthermore, this activity was
completely abolished by the treatment with the O%-benzyl-
guanine (0°BG) inhibitor. This information opened the
possibility of employing a hyper-thermostable enzyme as
SNAP-tag® in in vivo CRISPR-Cas system-based applica-
tions. The ORF PF1878 is relative to a 174-aa polypeptide,
with an expected m.w. of 20.1 kDa: the primary structure is
closed to that from the MGMT from Thermococcus koda-
karensis (Tk-MGMT), a well-known enzyme, in terms of
structure and thermal stability (Fig. 3) (Leclere et al. 1998;
Hashimoto et al. 1999; Nishikori et al. 2005). Tk-MGMT is a
very thermostable enzyme, and from its solved 3D structure
(PDB ID: 1IMGT) emerges that a lot of intra-helix ion-pairs
contribute to reinforce stability of a-helices, whereas the
presence of inter-helix ion-pairs stabilize internal packing
of tertiary structure (Hashimoto et al. 1999).

The cloning of the ORF PF1878 and the subsequent
expression and purification of the relative protein allowed
to a complete characterization of this new enzyme. Like-
wise TnOGT, the enzyme from P. furiosus is fully active
on BG-FL substrate and displayed a clear ability to repair
methylated DNA, as shown in the ICy, experiment listed in
Table 2. On the other hand, PfuOGT is a strong thermophilic
enzyme, displaying a measurable catalytic activity only at
very high temperatures (Table 4), whereas at moderate

Unconserved .II4 567 I- Conserved

temperatures the rate of the reaction is slow, making dif-
ficult to perform the fluorescent assay. For this reason, the
competitive inhibition in the presence of methylated DNA
was performed at 65.0 °C instead of the standard procedure
at 50.0 °C (Perugino et al. 2015; Morrone et la. 2017): how-
ever, at this temperature, the activity of PfuOGT on single-
and/or double-methylated DNA cannot be excluded.

The stability of this enzyme was compared with that
of SsOGT by the Differential Scan Fluorimetry analy-
sis: the latter was previously treated using a scan rate of
5 min/°C X cycle (Perugino et al. 2015; Vettone et al. 2016)
instead of the classical 1 min/°C X cycle (Niesen et al. 2007).
Due to its very high thermal stability, a further increase of
the time (10 min/°C X cycle) was necessary for PfuOGT,
to obtain the sigmoidal curve to fit with the Boltzmann
equation (Niesen et al. 2007). In these new conditions, the
T,, value of SsOGT drops by approx. 13.0 °C (67.9+1.1;
Table 4), whereas PfuOGT displayed a T,, value over
80.0 °C. The stability of PfuOGT was also tested in the pres-
ence of perturbants, as high ionic strength or detergents. In
the first case, we tested the importance of ionic interactions
involved in the maintenance of the structure: as expected,
the presence of 4.0 M NaCl strongly affected the stability of
PfuOGT, whereas SsOGT has even shown an increase of the
T, value. Nevertheless, SsSOGT is more sensitive to the SDS,

_P_kodarakaensi - M| ERV) SGR LMK- -
_P_furiosus PE‘l INEMR NKAMY) EDK SI E VIR \ 4/
Consistency 46584 436 656 ———
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L

- Ny, domain
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:] C,e, domain
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Fig.3 Primary structure alignment and superimposition between the PfuOGT and the OGT from T. kodakarensis (Tk-MGMT; PDB ID: IMGT).
Conservation of residues and protein domains are coloured on the basis of the respective legends
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TabI.e'4 Protein thermal Conditions T, (CO) Rate (min/°C X cycle) Notes
stability by DSF method.
SsOGT PBS 1x 80.0+0.4 5 From Perug-
ino et al.
(2015)
PBS 1x 67.9+1.1 10 This study
PBS 1x; NaCl 1.0 M 79.6+0.3 10 This study
PBS 1x; NaCl 4.0 M 82.9+04 10 This study
PBS 1x; SDS 0.01% 46.5+1.7 10 This study
PfuOGT PBS 1x 78.8+0.4 10 This study
PBS 1x; NaCl 1.0 M 83.7+0.3 10 This study
PBS 1x; NaCl 4.0 M 50.4+2.1 10 This study
PBS 1x; SDS 0.01% 71.8+0.3 10 This study

T,, values were obtained by plotting the relative fluorescence intensity as a function of temperature. Data
were achieved from three independent experiments

showing a collapsed T}, value up to 22.0 °C, while PfuOGT
drops by about 10.0 °C. Taken together, the data obtained
clearly indicate a difference in the strategies of protein sta-
bilization adopted by these two enzymes (Table 4).

Conclusion and perspectives

The modification of AGTs to produce new protein-tags for
use in the “SNAP-tag® technology” offers a lot of advan-
tages for the specific labelling of a protein of interest with
an innumerable number of chemical groups conjugated to
a classical inhibitor of this class of enzymes, the 0°-BG
(Fig. 1b) (Hinner and Johnsson 2010). A further step forward
was to adapt to this new biotechnology to a thermostable
OGT from a microorganism that lives at high temperatures.
After the production of SsOGT-H> mutant, here we propose
two new thermostable OGTs, which will be modified in the
future to abolish their ability to bind DNA, without, how-
ever, decreasing their activity and stability to heat and to
denaturing agents. The new protein-tags can be used in 7.
neapolitana and P. furiosus, to analyze in vivo the functions
of proteins and enzymes of interest in these model systems.
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Abstract: The genome of living cells is continuously exposed to endogenous and exogenous
attacks, and this is particularly amplified at high temperatures. Alkylating agents cause DNA
damage, leading to mutations and cell death; for this reason, they also play a central role in
chemotherapy treatments. A class of enzymes known as AGTs (alkylguanine-DNA
-alkyltransferases) protects the DNA from mutations caused by alkylating agents, in particular in
the recognition and repair of alkylated guanines in Of-position. The peculiar irreversible
self-alkylation reaction of these enzymes triggered numerous studies, especially on the human
homologue, in order to identify effective inhibitors in the fight against cancer. In modern
biotechnology, engineered variants of AGTs are developed to be used as protein tags for the
attachment of chemical ligands. In the last decade, research on AGTs from (hyper)thermophilic
sources proved useful as a model system to clarify numerous phenomena, also common for
mesophilic enzymes. This review traces recent progress in this class of thermozymes, emphasizing
their usefulness in basic research and their consequent advantages for in vivo and in vitro
biotechnological applications.

Keywords: thermophilic sources; DNA repair; biotechnological tools, alkylation damage; AGT
1. Introduction

Monofunctional alkylating agents, a class of mutagenic and carcinogenic agents present in the
environment, induce DNA alkylation in several positions including guanine at O¢ (O5-MG; 6% of
adducts formed), the N7 of guanine (N’-MG; 70%), and the N3 of adenine (N3-MA; 9%) [1].
Alkylation of guanine (O5-AG) is a cytotoxic lesion, although the specific mechanism of this
cytotoxicity is not yet fully understood. It was proposed that the toxic effect occurs after DNA
replication, because the O¢-AG incorrectly base-pairs with thymine generating a transition from G:C
to A:T [2]. The mutations caused by O¢-MG that occur at the time of replication are recognized by
the post-replication mismatch repair system with potential harmful implications for cell viability.
Apart from conventional DNA repair pathways as Mismatch Excision Repair (MMR), Nucleotide
Excision Repair (NER), Base Excision Repair (BER), alkylated-DNA protein alkyl-transferases
(called Of-alkyl-guanine-DNA-alkyl-transferase (AGT or OGT) or Of-methyl-guanine-
DNA-alkyl-transferase (MGMT); EC: 2.1.1.63) perform the direct repair of alkylation damage in
DNA [3,4]. They represent the major factor in counteracting the effects of alkylating agents that
form such adducts [4]. These are small enzymes (1722 kDa) that are widely present in organisms of
the three kingdoms (bacteria, archaea, eukaryotes) but apparently absent from plants,
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Schizosaccharomyces pombe, Thermus thermophilus, and Deinococcus radiodurans. The reaction
mechanism of AGTs is based on the recognition of the damaged nucleobase on DNA [5], followed
by a one-step SN2-like mechanism, in which the alkyl group of the damaged guanine is irreversibly
transferred to a cysteine residue in its active site [5-8] (Figure 1, blue path).

E.C.:2.1.1.63

engineered hMGMT
(SNAP-tag®)

2 L
e, rrs>
2V ) hMGMT inhibitor Ui
1 . (L ib) agents mutations on HTH:
(

S Temozolomide, TMZ) o DNA binding
damaged DNA activity

(0°-MG) oAb

catalytic
cysteine
?

i \C"\
W Ay &AL
[® \ “:) @
Of-benzyl-guanine
derivative
catalytic
cysteine
4

‘g ');,)"
A b

Lomeguatrib

catalytic
cysteine

-

alkylated
cysteine

I
labelled
» protein
blocked Y,
cysteine g

repaired
guanine

. inactivated human MGMT self-labelling protein-tag
'e‘?eg':::::izaa‘:’l.;ylart:gii;:"d and restored the efficacy for the covalent linking
9 P! of alkylating agents to any chemical group of interest

Figure 1. The O¢-alkyl-guanine-DNA-alkyl-transferase (AGT)s’” world. AGTs are small enzymes
composed by a N-terminal domain (in sky blue), a C-terminal domain (in light brown) connected by
a loop (in yellow). In the C-terminal domain, a helix-turn-helix motif (in light green, or in orange in
the SNAP-tag) is responsible of the DNA-binding activity. The peculiar irreversible reaction
mechanism of these enzymes plays a pivotal role in the physiological DNA repair (blue path), and it
has important repercussions in cancer cell treatment (red path) and biotechnological applications
(green path). Atoms are coloured by the CPK colour convention.

For these reasons, they are also called suicide or kamikaze proteins, showing a 1:1 stoichiometry
of their reaction with the natural substrate. The disadvantage of this elegant catalysis is that, upon
alkylation, the protein is self-inactivated and destabilized, triggering its recognition by cellular
systems to be degraded by the proteasome [8,9].

1.1. AGTs as Targets in Cancer Therapy
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Alkylation damage to DNA occurs in various living conditions, and for this reason the
widespread presence of AGT protects cells from killing by alkylating agents. However, human
AGT (hMGMT) is a double-edged sword—on the one hand, it protects healthy cells from these
genotoxic and carcinogenic effects, but also counteracts alkylating agents-based chemotherapy by
protecting cancer cells from the killing effect of these drugs [10,11]. Consequently, hMGMT has
emerged as a crucial factor in anticancer therapies [12]—an inverse relationship has been
discovered between the presence of hMGMT and the sensitivity of cells to the cytotoxic effects of
alkylating agents, such as temozolomide (TMZ), in different types of cancer cells, including
prostate, breast, colon, and lung cancer cells [13].

The resistance to chemotherapy may be reduced by inhibition of these enzymes; as described
before, after removing the lesion, the alkylated form of the protein is inactivated and enters the
intracellular degradation pathways. Hence, in order to counteract the action of hMGMT in
chemotherapy regimens, a large number of studies aimed to the develop hMGMT inhibitors to be
used in combination with alkylating agents. In view of this therapeutic relevance, much success has
been obtained through the design of hMGMT pseudo-substrates, namely, the Os-benzylguanine
(O%-BG) and the strong inactivator O¢-[4-bromothenyl]-guanine (O%-BTG, Lomeguatrib) [13,14].
These compounds mimic damaged guanine on DNA and react with the protein by the covalent
transfer of the alkyl adduct to the active site cysteine residue, thus irreversibly inactivating the
enzyme (Figure 1, red path). Therapeutically, O5-BG is not toxic on its own, but renders cancer cells
2 to 14 times more sensitive to alkylating agents’ effects. The oligonucleotides containing several
O5-BG are potent inhibitors and represent a valid alternative to the use of free modified guanines,
thereby improving the activity of the alkylating chemotherapy drug in the treatment of some
tumours [15-17].

1.2. AGTs and Biotechnology

The specific labelling of proteins with synthetic probes is an important advance for the study
of protein function. To achieve this, the protein of interest is expressed in a fusion with additional
genetically encoded polypeptides, called tags, which mediate the labelling. The first example of an
autofluorescent tag was the Aequorea victoria green fluorescent protein (GFP) allowing the in vivo
localization of fusion proteins in cellular and molecular biology [18,19]. Among affinity tags, of
particular importance are the poly(His)-tag, the chitin-binding protein, the maltose-binding protein
[20], the Strep-tag [21], and the glutathione-S-transferase (GST-tag) [22], which allow fast and
specific purification of proteins of interest from their crude biological source using affinity
techniques. Solubilization tags are especially useful to assist the proper folding of recombinant
proteins expressed in chaperone-deficient species such as Escherichia coli, avoiding protein
precipitation and the use of alternative expression protocols [23,24] —these include thioredoxin [25]
and poly(NANP).

However, all the tags listed above are limited by the fact that each of them can be used for one
or only a few applications. The need therefore emerged to develop a universal tag that could widely
cover several applications.

In 2003, the group headed by Kai Johnsson pioneered the use of an engineered hMGMT
variant as a fusion protein for in vitro and in vivo biotechnology applications, which led then to its
commercialization, namely, the SNAP-tag (New England Biolabs) [26-29]. They started from the
knowledge that hMGMT tolerates the presence of groups conjugated to the pseudo-substrate O5-BG
(O8-BG derivatives)—the unusual covalent bond with the benzyl moiety can therefore be exploited
for “biotech” purposes (Figure 1, green path). Thanks to its small size, the engineered hMGMT
(SNAP-tag) can be fused with other proteins of interest. The expression of the fusion protein inside
the cells followed by incubation with opportune fluorescent derivatives leads to in vivo labelling of
fusion proteins with the probe, which can be used for localization studies [26]. The same principle
has also been used for the immobilization of tagged fusion proteins in vitro [30]. This offers a
delicate condition for fixing and disposing in a better orientation of a wide range of
proteins/enzymes on a surface. The SNAP-tag technology was successfully applied to surface
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plasmon resonance (SPR) for the covalent immobilization of proteins of interest [31]. Another
interesting application of this protein-tag is the possibility to produce new antibody fragments
(scFv-SNAP) to be employed in the SPR analysis [32].

Despite the need to use a specific substrate, SNAP-tag offers endless applications—the
possibility to covalently link a desired chemical group (conjugated to the O%-BG) to a protein of
interest (genetically fused to it) makes it decidedly advantageous, if compared to traditional protein
tags currently in use. Table 1 shows a brief comparison between some examples of protein tags and
the SNAP-tag in several application fields.

Table 1. The use of protein tags in some applicative examples.

Affinit
Applications FPs fJ;:eg SNAP-Tag Notes

In vivo imaging +a +

e FPs do not need of any
Substrate utilization + - - .
substrate for their fluorescence

FPs are in a limited number

I+
|
+

Emission spectra . :
P with respect to chemical probes

Time-resolved

I+
|
+

fluorescence
For FPs, multi-cloning and

I+
|
+

Multi-colour fluorescence ..
expression is necessary

In vitro applications * * +
Variety of chemical _ _ N
group labelling
. Fresh synthetized FPs cannot
Pulse-chase analysis - - + .
be efficiently quenched
FPs’ fl hore f ti
Anaerobic conditions - + + S uorc?p ore formation
requires oxygen
. . Utilization of the GFP-trap
Protein purlflca’uon + + + .
matrix
o e Utilization of the GFP-trap
Protein immobilization + + + .
matrix
Utilizati f the GFP-t
Pull-down experiments + + + Heaton o . © P
matrix

2+, fully applicable or advantageous; %, limited applicability; -, not applicable or disadvantageous; FPs =
fluorescent proteins.

2. Thermophilic and Thermostable AGTs

As for organisms living under mesophilic conditions, environmental and endogenous
alkylating agents also attack the genome of thermophilic and hyper-thermophilic organisms.
Additionally, high temperatures accelerate the process of alkylation, leading to DNA breaks [33],
because alkylating agents are chemically unstable at the physiological conditions of these
organisms, and their collateral decomposition may worsen the formation of DNA alkylation
products [34]. Thus, the presence of AGTs and methylpurine glycosylases in hyperthermophilic
organisms implies that they are naturally exposed to endogenous methylating agents [34], thus
supporting the crucial role of AGTs [35,36].

Apart from some studies on Archaea using cell-free extracts, a few examples of biochemical
studies of AGTs from thermophilic sources include the enzymes from Pyrococcus sp. KOD1 [35]
conducted by Imanaka and co-workers from Aquifex aeolicus and Archaeoglobus fulgidus performed
by the group of Prof. Pegg in 2003 (Figure 2) [34]. Intriguingly, A. aeolicus AGT, whose organism
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was identified as the most primitive bacterium, is closer to the mammalian AGTs than other
bacterial homologues in terms of O5-BG sensitivity [34].
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Figure 2. (a) Alignment of biochemically and structurally (in bold) characterized AGTs. DNA
sequences are listed in decreasing order of temperature. The histograms in different colours show
the sequence consensus, and the red arrow indicates the highly conserved catalytic cysteine. (b)
Superimposition of all known AGT structures in their free form (in grey). All common domains and
elements are coloured only for the O¢-alkyl-guanine-DNA-alkyl-transferase protein from the
archaeon Saccharolobus solfataricus (hereinafter SSOGT) enzyme. Coloured bars behind the SsOGT
sequence in (a) recall the enzyme domains highlighted in the structure and in the legend in (b).
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2.1. The Common Themes in AGTs’ Tertiary Structure and the Intrisic Factors of Stability

Despite the different primary structures (Figure 2a), thermophilic enzymes show a typical AGT
protein architecture, consisting of two domains [37]: a highly conserved C-terminal domain (CTD),
surprisingly superimposable for all available AGT structures (Figure 2b), and a N-terminal domain
(NTD), which is very different among AGTs and whose function is not well understood (likely
involved in regulation, cooperative binding, and stability [6,38,39]). The CTD contains the DNA
binding helix-turn-helix motif (HTH); the Asn hinge, which precedes the -V/IPCHRVV/I- amino acid
sequence containing the conserved catalytic cysteine (except the Caenorhabditis elegans AGT-2 that
has the -PCHP- sequence [40,41]); and the active site loop, responsible for the substrate specificity.

A comparative structural analysis performed on AGT proteins whose structures are in the
Protein Data Bank revealed significant differences of the intrinsic structural features that have been
considered to be relevant for thermostability, such as helix capping, intramolecular contacts
(hydrogen bonds, ion-pairs), and solvent-accessible surface areas. Helix capping plays a central role
in the stability of a-helices, due to lack of intra-helical hydrogen bonds in the first and last turn
[42,43], and its effect results in an overall structural stabilization of protein folding [44]. By
inspecting the crystal structure of SsOGT (PDB ID: 4ZYE), considered here as the thermophilic
reference AGT protein, we verified that the five a-helices of the composing the protein tertiary
structure are characterized by the presence of helix capping, this possibly increasing the thermal
stability. In particular, the helix H1 at the NTD is stabilised by a peculiar double serine sequence
(540-541) and a glutamic acid (E54) at its CTD, the latter is strictly conserved in all AGTs from
thermophilic organisms (see Figure 2a). The HTH motif, built on helices H3 and H4, is stabilized at
the level of H3 by a highly conserved threonine residue (T89) as N-cap and a serine (596), distinctive
of SsOGT, as C-cap. Furthermore, helix H4 contains two serine-based capping among which the one
placed at NTD (5100) is strictly conserved in all thermophilic AGTs and is followed by a proline
(P101) that fits well in the first turn of the helix thanks to its own backbone conformation. Finally,
the helix H5 is protected by glutamic acid capping that is present in all the AGTs from different
species. Another feature contributing to thermal stability is the solvent-accessible surface area
(SASA). Indeed, the decrease of SASA and the increase of hydrophobic residues that are buried
from the solvent have stabilizing principles for thermostable protein [45]. As described in Table 2,
SsOGT shows the smaller total SASA value, in line with its exceptional stability. On the contrary,
OGT from Mycobacterium tuberculosis [38,46] has a higher value due to the peculiar conformation of
both the active site loop and the C-terminal tail that are exposed to the bulk solvent and are less
heat stable (Table 2).

Finally, by comparing hyperthermophilic AGTs with the orthologs from mesophilic
organisms, in terms of atomic contacts between charged residues as well as intramolecular
hydrogen bonds (Table 2), significant differences emerged in the number of charged residues
contacts. As expected for thermostable proteins [47], SsOGT, as well as the proteins from
Sulfurisphaera tokodaii and Pyrococcus kodakaraensis, shows a larger number of electrostatic contacts,
characterized by higher bond-dissociation energy, with respect to hydrogen bonds for which we
did not detect significant differences among the analysed structures, apart from MGMT of P.
kodakaraensis (Pk-MGMT) [48].

Although the number of H-bonds is approximately similar across the AGTs from different
organisms, there should be differences in the position-related role of such bonds, supporting overall
stability of thermophilic variants. With reference to Pk-MGMT, Hashimoto and co-workers detected
the same number of ion-pairs between the extremophilic protein and E. coli Ada-C [49]; however,
more intra- and inter-helix ion pairs were found in Pk-MGMT. Although the absence of a
correlation between ion pairs’ position and stabilization in Ada-C exists, the intra-helix ion pairs act
in the secondary structure of Pk-MGMT, stabilizing helices, and the inter-helix ion pairs consolidate
the inter-domain interactions, enhancing the stability of the tertiary structure packing.
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Table 2. Comparison of solvent-accessible surface area and intramolecule contacts.

Topt Total Cha}rged Intramolecule
C) Enzyme (PDB ID) SASA (A) Residues H-bonds References
Contacts
Escherichia coli Ada-C
37 (1SFE) 8421.8 74 141 [49]
Mycobacterium
37 tuberculosis OGT 9535.2 56 143 [38]
(4BHB)
Homo sapiens MGMT
37 (1EH6) 8764.3 71 127 [6]
Saccharolobus solfataricus
80 OGT 8054.1 94 137 [39]
(4ZYE)
Sulfurisphaera tokodaii
80 OGT 8049.5 124 134 PDBP
(IWRYJ)
Methanocaldococcus
80 jannashii MGMT 17,770.8¢ N.D. N.D. [50]
(2G7H)
Pyrococcus kodakaraensis
85 MGMT (IMGT) 8302.8 111 157 [48]

2 Excluding intra-residues H-bonds. ® https://www.rcsb.org/structure/Iwrj. © The structure has been solved by
means of NMR explaining the high SASA value.

3. The Os-Alkylguanine-DNA-Alkyltransferase from Saccharolobus solfataricus

In the last decade, SSOGT has been characterized through detailed physiological, biochemical,
and structural analysis. Due to its intrinsic stability, the SSOGT protein has proven to be an
outstanding model for clarifying the relationships between function and structural characteristics.

Saccharolobus solfataricus (previously known as Sulfolobus solfataricus) is a microorganism first
isolated and discovered in 1980 in the Solfatara volcano (Pisciarelli-Naples, Italy) [51], which thrives
in volcanic hot springs at 80 °C and a pH 2.0-4.0 range. In order to protect its genome in these harsh
conditions, S. solfataricus evolved several efficient protection and repair systems [33,52]. S.
solfataricus is highly sensitive to the alkylating agent methyl methane sulfonate (MMS), showing a
transient growth arrest when treated with MMS concentrations in the range of > 0.25 mM to 0.7 mM
[33,52]. Interestingly, although the ogt RNA level increases after MMS treatment, the relative
enzyme concentration decreases, suggesting its degradation in cells in response to the alkylating
agent and, in general, to a cellular stress [52]. Under these treatment conditions, however, the
protein level rises after few hours, and, in parallel, the growth of Saccharolobus starts again [52],
indicating a role of SsOGT in efficient DNA repair by alkylation damage.

3.1. Innovative OGT Assays

Various assays to measure AGT activity are reported in the literature. The first methods were
based on the use of oligonucleotides carrying radioactive (*H or *C) Os-alkylguanine groups.
Proteinase K digestion was then carried out to measure the levels of marked S-methyl-cysteine in
the lysate in an automatic amino acid analyser [53]. A very similar, but simpler and faster
radioactive assay was used in another procedure with a 3?P-terminal labelled oligonucleotide
containing a modified guanine in a methylation-sensitive restriction enzyme sequence (as Mbo I).
The AGT DNA repair activity thereby allowed the restriction enzyme to cut [54]. This procedure
was also used by Ciaramella’s group to identify for the first time the activity of SSOGT [52]. This
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test has the advantage of analysing the digested fragment directly by electrophoresis on a
polyacrylamide gel [55].

It was therefore improved in terms of precision by the subsequent separation of the digested
oligonucleotides by HPLC. The chromatographic separation allowed the calculation of the
concentration of active AGT after measuring the radioactivity of the peak corresponding to the
digested fragment [55]. Similarly, Moschel’s group developed the analysis of hMGMT reaction
products based on HPLC separation in 2002. This test investigated the degree of inhibition of
oligonucleotides with O¢-MG or O%-BG in different positions that varied from the 3’ to the 5" end
and whether they could be used as chemotherapy agents. ICso values were obtained by quantifying
the remaining active protein after the radioactive DNA reaction [56].

Although the assay measures the protein activity, the use of radioactive materials and
chromatographic separations made these assays long, tedious, and unsafe.

An alternative approach was proposed in 2010 by the group of Carme Fabrega, who set up an
assay based on the thrombin DNA aptamer (TBA), a single-stranded 15 mer DNA oligonucleotide
identified via Systematic Evolution of Ligands by EXponential enrichment (SELEX), which in its
quadruplex form binds thrombin protease with high specificity and affinity [57]. In this assay, they
put a fluorophore and a quencher to the TBA —the quadruplex structure of this oligonucleotide is
compromised if a central O5-MG is present, preventing the two probes to stay closer. An AGT’s
repair activity on the oligonucleotide allows the folding of the quadruplex structure and the Forster
Resonance Energy Transfer (FRET) energy transfer takes place, resulting in a decrease of the
fluorescence intensity [58].

Recently, the introduction of fluorescent derivatives of the O6-BG (as SNAP Vista Green, New
England Biolabs) made possible the development of a novel DNA alkyl-transferase assay. Because
AGT covalently binds a benzyl-fluorescein moiety of its substrate after reaction, it is possible to
immediately load the protein product on a SDS-PAGE —the gel-imaging analysis of the fluorescence
intensity gives a direct measure of the protein activity because of the 1:1 stoichiometry of
protein/substrate (Figure 3). Signals of fluorescent protein (corrected by the amount of loaded
protein by Coomassie staining analysis) obtained at different times are plotted, and a second order
reaction rate is determined [38,39,46,52,59,60]. This method can be applied to all AGTs that bind
05-BG, with the exception of the E. coli Ada-C [61,62].
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Figure 3. Innovative fluorescent AGT assay. The substrate could be used alone for the determination
of the AGT catalytic activity, or in combination with a competitive non-fluorescent substrate
(alkylated-DNA). In the latter case, an indirect measure of the DNA repair activity on natural
substrates is determined (adapted from [63]).

Furthermore, an alkylated double strand DNA (dsDNA) oligonucleotide can be included in a
competition assay with the fluorescein substrate. This non-fluorescent substrate lowers the final
fluorescent signal on gel imaging analysis, depending on its concentration. In this way, it is possible
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to measure the activity of AGTs for their natural substrate, giving an indirect measure of
methylation repair efficiency (Figure 3) [38,39,46,52,59,60]. By using this methodology, it was even
possible to discriminate the SsOGT activity regarding the position of the O-MG on DNA (see
below; [39]), in line with previous data on hMGMT [64].

3.2. Biochemical Properties of S. solfataricus OGT

The recombinant SsOGT protein, heterologously expressed in E. coli, has been fully
characterized using the fluorescent assay described and summarized in Section 3.1, and some
results are compiled in Table 3. In agreement with its origin, the protein showed optimal catalytic
activity at 80 °C, although retaining a residual activity at lower temperatures (Table 3), and in a pH
range between 5.0 and 8.0. As for the most part of many thermophilic enzymes, SSOGT is resistant
over a wide range of reaction conditions, such as ionic strength, organic solvents, common
denaturing agents, and proteases [52,59]. Interestingly, chelating agents do not affect the activity of
this enzyme. Crystallographic data clarified this observation, as the archaeal enzyme lacks a zinc
ion in the structure [39], whereas this ion is important for correct folding of hAMGMT [6].

3.3. Crystal Structure of SSOGT

All catalytic steps of the AGTs’ activity (alkylated DNA recognition, DNA repair, irreversible
trans-alkylation of the catalytic cysteine, recognition, and degradation of the alkylated protein) have
been structurally characterized. Most information comes from the classic studies on hMGMT, as
well as the Ada-C and OGT from Escherichia coli [5-8,49]. Other AGTSs’ structures are also available
in the Protein Data Bank site (Figure 2a) (http://www.rcsb.org/pdb/results/results.do?tabtoshow=
Current&qrid=D3B02F3B).

As shown in Figure 1, all AGTs are inactivated after the reaction and degraded via proteasome,
whereas in higher organisms, the degradation is preceded by protein ubiquitination [9]. It is a
common view that the recognition of alkylated-AGTs is due by a conformational change; however,
data on structure and properties of alkylated AGTs are limited because alkylation greatly
destabilizes their folding [39]. The methylated-hMGMT and benzylated-hMGMT 3D structures
were only obtained by flash-frozen crystals, showing that alkylation of the catalytic cysteine (C145)
induces subtle conformational changes [6,7,65]. Consequently, these structures might not reflect the
physiological conformation of the alkylated hMGMT [39].

Table 3. Biochemical properties comparison among SNAP-tag, SSOGT and the relative H> mutant.

Features SNAP-tag® SsOGT SsOGT-H?
Molecular weight (kDa)? 23.0 17.0 17.0
Topt (°C) 37.0 80.0 75.0
Relative activity at 25.0°C 80% 25% 50%?®
at 37.0°C 100% 45% 65%
at 80°C - 100% 95%
Catalytic activity at 37 °C (M-1s) 2.8 x 104 2.8 x10° 1.6 x 10*
PpHopt 6.0 7.5 6.0
Thermal stability T+ (°C) 6h (37) 3h (70) 3h (70)
Thermal stability T« at 37 °C (h) 6 >24 >24
Additives NaCl <0.3M >1.0M >1.0M
EDTA no yes yes
sarcosyl no >0.5% >0.5%
DDT yes no no

aData from [50,57,64]. ® Enhancement with respect to the SSOGT (in bold).

Concerning the interactions with the DNA, SsOGT binds methylated oligonucleotides.
However, the repair activity depends on the position of the alkyl-group [39]. To efficiently repair
the alkylated base on DNA double helix, the protein requires at least three bases from either the 5'
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or the 3’ end. This is due to the necessary interactions formed with the double helix. Structural
analysis confirmed these data [39].

To overcome the serious limitation to obtain structural data from mesophilic AGTs after
reaction, studies have moved to thermostable homologues, based also on the knowledge that all
AGTs share a common CTD domain structure (Figure 2b). In contrast to the human counterpart,
alkylated SsOGT was soluble and relatively stable, thus allowing in-deep analysis of the protein in
its post-reaction form [39]. Structural and biochemical analysis of the archaeal OGT, as well as after
the reaction with a bulkier adduct in the active site (benzyl-fluorescein; [66]), suggested a possible
mechanism of alkylation-induced SsOGT unfolding and degradation (Figure 4).

free SsOGT (4ZYE)
I methylated SsOGT (4ZYG)
SsOGT- benzyl- fluorescein (6GA0)

Figure 4. Conformational changes of the SsOGT active site loop after reaction with an O>-MG dsDNA
oligonucleotide (in magenta; [39]), or with SNAP Vista Green substrate (in green; [66]).

On the basis of their data, Perugino and co-workers suggested a general model for the
mechanism of post-reaction AGT destabilization—the so called active-site loop moves towards the
bulk solvent as a result of the covalent binding of alkyl adduct on the catalytic cysteine and the
extent of the loop movement and dynamic correlates with the steric hindrance of the adduct [39,66]
(Figure 4). The destabilization of this protein region triggers then the recognition of the alkylated
protein by degradation pathway.

3.4. Biotechnological Applications of an Engineered SSOGT —the H> Mutant

As described in Section 1.2, the introduction of the SNAP-tag technology enabled a wide in
vivo and in vitro labelling variety for biological studies by fusing any protein of interest (POI) to
this protein tag [67]. However, being originated from hMGMT, the extension to extremophilic
organisms and/or harsh reaction conditions is seriously limited.

By following the same approach used for the hMGMT as Kai Johnsson [26-30], an engineered
version of SSOGT was produced [52,59]. This protein, called SsSOGT-H5, contains five mutations in
the helix-turn-helix domain, abolishing any DNA-binding activity [52]. In addition, a sixth mutation
was made—in the active site loop, where serine residue was replaced by a glutamic acid at position
132 (S132E). This modification increased the catalytic activity of SSOGT [52,59], as it was observed
in the engineered version of the hAMGMT during the SNAP-tag development [26]. SSOGT-H?shows
slightly lower heat stability in respect to the wild-type protein (Table 3), whereas the resistance to
other denaturing agents is maintained. Moreover, SsSOGT-HS is characterised by a surprisingly high
catalytic activity at lower temperatures, keeping the rate of reaction to the physiological ones (Table
3) [52,59]. These characteristics make this mutant a potential alternative to SNAP-tag for in vivo and
in vitro biotechnological applications. The stability against thermal denaturation allowed Miggiano
and co-workers to obtain the structure of the protein after the reaction with the fluorescent
substrate SNAP-Vista Green, revealing the peculiar destabilization of the active site loop after the
alkylation of the active cysteine [66].
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3.4.1 In vitro Thermostable H>-Based Chimeras

The Saccharolobus OGT mutant has been firstly tested as protein tag fused to two thermostable S.
solfataricus proteins heterologously expressed in E. coli. The chimeric proteins were correctly folded,
and the tag did not interfere with the enzymatic activity of the tetrameric S. solfataricus
B-glycosidase (SsPgly) [59], nor with the hyperthermophile-specific DNA topoisomerase reverse
gyrase [68-72]. Furthermore, the stability of H> made possible a heat treatment of the cell-free
extract to remove most of the E. coli proteins and performing the [-glycosidase assay at high
temperatures without the need of removing the fag [60].

3.4.2 Expression in Thermophilic Organisms Models

As the applicability of the thermostable tag under in vivo conditions is very important, the
SsOGT-H5 was also expressed in thermophilic organisms. The fluorescent AGT assay allows for the
detection of the presence of SSOGT-H? both in living cells as well as in vitro in cell-free extracts
[569,72]. To assay the activity to SSOGT-H?® it was necessary to choose models in which the
endogenous AGT activity is suppressed. Thermus thermophilus is an o0gt- species, showing only one
agt homologue (TTHA1564), whose annotation corresponds to an alkyltransferase-like protein
(ATL) [73]. ATLs are a class of proteins present in prokaryotes and lower eukaryotes [74],
presenting aminoacidic motifs similar to those of AGTs’ CTD, in which a tryptophan residue
replaces the cysteine in the active site [75]. Like AGTs, ATLs use a helix-turn-helix motif to bind the
minor groove of the DNA, but they do not repair it as they only recruit and interact with proteins
involved in the nucleotide excision repair system [76,77].

Although T. thermophilus is a natural ogt knockout organism, Sulfolobus islandicus possesses an
ogt gene very similar to that of S. solfataricus, which was silenced by a Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)-based technique and then used as a host organism
[72].

The fluorescent signal obtained by SDS-PAGE gel imaging revealed that SSOGT-H? not only is
efficiently expressed in these thermophilic microorganisms, but it also showed that this tag was
correctly folded and active, demonstrating the fact that SSOGT-H5 might be used as an in vivo
protein tag at high temperatures [59,72]. As is the case with SNAP-tag in human cells, the utilization
of SsOGT-H5 with different fluorescent substrates gives the opportunity to perform a multi-colour
fluorescence study (see Table 1), by following a POI inside living “thermo cells” at different stages
and localization.

3.4.3 The ASL!s System

As most biotechnological processes require harsh operational conditions, the immobilization of
very robust enzymes on solid supports is often essential [78]. By definition, an immobilized enzyme
is a “physically confined biocatalyst, which retains its catalytic activity and can be used repeatedly”
[79]. Protein immobilisation offers several advantages, such as the catalysts’ recovery and reuse, as
well as the physical separation of the enzymes from the reaction mixture. Currently, different
immobilisation strategies are available, from physical adsorption to covalent coupling [80-83].
However, all these procedures require purified biocatalysts and suffer from problems related to
steric hindrance between the catalyst, the substrate, and the solid support, with increasing of costs
and time for the production processes.

The introduction of “cell-based” immobilisation systems resulted in a significant improvement
and reduces both time and costs of the process. One of the most widely used display strategies is
the simultaneous heterologous expression of enzymes and their in vivo immobilisation on the
external surface of Gram-negative bacteria cells, by the utilisation of the ice nucleation protein (INP)
from Pseudomonas syringae [84,85]. Most recently, the N-terminal domain of INP (INPN) was used to
produce a novel anchoring and self-labelling protein tag (hereinafter ASLs). The ASL#s consists of two
moieties, the INPN and the engineered and SsOGT-H> mutant (Figure 5) [86].
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Figure 5. The novel anchoring and self-lab¥ifgpPdtein tag (ASLis) system. A protein of interest (POI) is
genetically encoded with the fag, which in turn makes it anchored in the outer membrane and

accessible for the covalent linkage to a desired chemical group (magenta sphere) by the activity of
SsOGT-H? (adapted from [87]).

The INPN allows an in vivo immobilisation on E. coli outer membrane of enzymes of interest
and their exposition to the solvent. The significant reduction of the costs related to the purification
and immobilization is added to the overcoming of problems related to the recovery of enzymes by
simple filtration or centrifugation methods [88]. SSOGT-HS5, in turn, gives the unique opportunity to
label immobilized enzymes with any desired chemical groups (opportunely conjugated to the
benzyl-guanine; in magenta in Figure 5) [27,59], dramatically expanding biotechnological
applications of this new tool. Depending of the chemical group of choice, modulating the activity of
enzymes fused with the ASL# can be possible by introducing activator or inhibitor molecules
(Figure 5). The ASL#s system was successfully employed for the expression and immobilization of
monomeric biocatalysts, such as the thermostable carbonic anhydrase from Saccharolobus solfataricus
(SspCA), as well as the tetrameric SsPgly, without affecting their folding and catalytic activity [86].
Moreover, SspCA fused to the ASL#s showed an increase in residual activity of up to 30 % for a
period of 10 days at 70 °C [87], representing a huge advantage in pushing beyond reactions in
bioreactors and in the reutilization of biocatalysts.

4. Pyrococcus furiosus and Thermotoga neapolitana OGT

To extend the SNAP-fag technology to hyperthermophilic microorganisms for in vivo studies,
an Of-alklylguanine-DNA alkyltransferase has been recently characterized from the archaeon
Pyrococcus furiosus [89]. This extremophilic microorganism was originally isolated from hot marine
sediments in Vulcano Island (Italy) [90], with an optimum growth temperature around 100 °C, thus
thriving under extremely harsh conditions. Like those of other thermophilic Archaea, its enzymes
are extremely thermostable and can be used in various biotechnological applications. For example,
DNA polymerase I, also known as PiuDNA polymerase, is one of the most famous and frequently
used enzymes from P. furiosus because of its high activity, thermostability, and strong 3'-5'
proof-reading activity [91]. The first demonstration of an OGT activity in P. furiosus was in 1998,
when Margison and co-workers identified a protein of 22 kDa, whose catalytic activity was
abolished by the O%-BG pseudo-substrate. The PF1878 ORF is relative to a protein of 20.1 kDa. From
its primary structure, the relative polypeptide seems to be closely related to the MGMT from
Pyrococcus kodakarensis KOD1 (Pk-MGMT) [48,89,92]. The extreme thermostability was confirmed by
in vitro biochemical studies on the heterologous expressed and characterized OGT protein from P.
furiosus PfuOGT. This enzyme was active on BG-fluorescent substrates, thus allowing the
competitive assay with methylated dsDNA. However, the experiments were performed at 65 °C
instead of the standard procedure at 50 °C, as described for SsOGT [39,59,60], due to the strong
thermophilicity of this enzyme. This behaviour was effectively confirmed by differential scan
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fluorimetry analysis where the temperature melting (Tm) of PfuOGT was found to be 80 °C, much
higher than that of SSOGT (68 °C) [89]. It is worth noting that, in order to obtain a the sigmoidal
melting curve for PfuOGT, a slower heating rate (10 min/°C x cycle) was set up, whereas the Tm
value measurement is usually performed at 1 min/°C x cycle [93].

Thermotoga neapolitana is a hyperthermophilic Gram-negative bacterium of the order of
Thermotogales [94-96], which are excellent models for genetic engineering and biotechnological
applications  [97-100]. The CTN1690 ORF shows a clear homology of the
O¢-alkylguanine-DNA-alkyl-transferase. SDS-PAGE gel imaging analysis on lyophilized T.
neapolitana cells incubated with the AGT fluorescent substrate showed a strong fluorescent signal
with a molecular weight close to that of SSOGT. The observed molecular weight and, above all, the
sensitivity to the O5-BG derivative, led to the cloning and heterologous expression of the Thermotoga
neapolitana OGT protein (TnOGT) in E. coli [89]. This protein, like most AGTs, has a role in DNA
repair, as confirmed by competitive fluorescent assay in the presence of methylated dsDNA. As
shown in Figure 3, the ICso value was similar to that obtained for SSOGT. Surprisingly, the enzyme
from T. neapolitana exhibited a very high activity at low temperatures [89], similar to that possessed
by the mutant SSOGT-H?> (Table 3) [52,59]. Superimposition analysis between a TnOGT 3D model
and the free form of SsOGT (ID PDB: 4ZYE) revealed in both structures the presence of a serine
residue in the active site loop (S132 in SsOGT, see Figure 2a), which was replaced in SSOGT-H> by a
glutamic acid to improve its activity at lower temperatures. Interestingly, some residues are missing
in TnOGT that play an important role in stabilizing SsOGT. In particular, the ionic interactions that
play a crucial role in the stability of the Saccharolobus enzyme at high temperatures, such as the pair
R133-D27 [39] and the K-48 network [60], are largely replaced by hydrophobic residues in the
Thermotoga homolog. Evidently, different residues and mechanisms of stabilization may contribute
to its exceptional catalytic activity at moderate temperatures and the high thermal stability.

5. Future Perspectives

The interest shown from the important insights of this class of small proteins led to novel
biotechnological applications [101]. Studies on thermophilic AGTs represent a unique opportunity
for structural analysis and, in the case of the S. solfataricus protein, for the identification of
conformational changes after the trans-alkylation reaction, which are detectable with mesophilic
AGTs, as the alkylated form are rapidly destabilized [6]. These results could have a wide impact,
especially in medical fields for the design of novel hMGMT inhibitors to be used in cancer therapy
[102]. Furthermore, given their small size, thermophilic enzymes are very useful for studying
general stabilization mechanisms at high temperatures (as for Pk-MGMT and SsOGT), which can
then be applied to mesophilic enzymes. Searching for alternative SSOGT homologues was clearly
useful, leading to the identification of AGTs that are more resistant to thermal denaturation
(PfuOGT) or to enzymes with a higher reaction rate at all tested temperatures (TnOGT).

Concerning biotechnology, the use of a modified hMGMT as protein tag opened the possibility
to generalise this method —a targeted mutagenesis on a thermostable OGT by following a rational
approach led to the characterization of SsSOGT-H5, applicable to in vitro harsh reaction conditions
and to in vivo (hyper)thermophilic model organisms. On the other hand, by an irrational approach
(random mutagenesis) it is also possible to enhance their catalytic activity [103], or modify the
substrate specificity of these enzymes, making them active on benzyl-cytosine (O>-BC) derivatives,
such as that which happened for the production of the CLIP-tag [104].

This knowledge could be the starting point of developing a new engineered thermo-SNAP-tag
to be employed in particular biotechnological fields, from in vivo studies in (hyper)thermophilic
microorganisms (such as the in vivo CRISPR-Cas immune system in P. furiosus [105,106]) to
industrial processes that require high temperatures or, in general, harsh reaction conditions.
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Abbreviations

AGT

O¢-alkyl-guanine-DNA-alkyl-transferase

CLIP-tag engineered version of SNAP-tag active on O>-BC

FP

auto-fluorescent protein

hMGMT human Of-methyl-guanine-DNA-alkyl-transferase

MGMT O%-methyl-guanine-DNA-alkyl-transferase
0%-BC O?-benzyl-cytosine

05-AG O¢-alkyl-guanine

05-BG O¢-benzyl-guanine

05-MG O%-methyl-guanine

OGT O¢-alkyl-guanine-DNA-alkyl-transferase

SNAP-tag  engineered version of hMGMT for biotech purposes
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ABSTRACT

SNAP-tag® is a powerful technology for the labelling of protein/enzymes by using benzyl-guanine (BG)
derivatives as substrates. Although commercially available or ad hoc produced, their synthesis and purifi-
cation are necessary, increasing time and costs. To address this limitation, here we suggest a revision of
this methodology, by performing a chemo-enzymatic approach, by using a BG-substrate containing an
azide group appropriately distanced by a spacer from the benzyl ring. The SNAP-tag® and its relative
thermostable version (SsOGT-H’) proved to be very active on this substrate. The stability of these tags
upon enzymatic reaction makes possible the exposition to the solvent of the azide-moiety linked to the
catalytic cysteine, compatible for the subsequent conjugation with DBCO-derivatives by azide-alkyne
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Huisgen cycloaddition. Our studies propose a strengthening and an improvement in terms of biotechno-

logical applications for this self-labelling protein-tag.

1. Introduction

The advent of the self-labelling protein-tags (SLPs) has led to a
huge push in modern biotechnology, especially in the field of cell
biology, where auto-fluorescent proteins (AFPs) for a long time
dominated for their versatility in the localisation experiments of
proteins, organelles, and membranes'. But the use of SLPs clearly
goes beyond: they catalyse the covalent, highly specific and irre-
versible attachment of a part of their synthetic ligands upon reac-
tion. This offers the opportunity to label them by conjugation to
those ligands of an infinite number of chemical groups, such as
fluorescent dyes, affinity molecules, or solid surfaces, expanding
the application fields>. Among SLPs, of particular note are the
Halotag®, the SpyTag® the SNAP- and the CLIP-tag®. The Promega
Halotag® is a halo-alkane dehalogenase with a genetically modi-
fied active site, which reacts irreversibly with primary
alkyl-halides*>.

SNAP-tag® from New England Biolabs (NEB) is the engineered
variant of the natural suicide human O°methylguanine
DNA-methyltransferase protein (hMGMT). Alkylated DNA-alkyl-
transferases (AGTs, MGMTs or OGTs, E.C. 2.1.1.63) are ubiquitous
and conserved proteins involved in the repair of the DNA alkyl-
ation damage, in particular, they remove alkyl adducts at the level
of O%-position on guanine base®’. The peculiar single-step mech-
anism are called “suicide enzymes,” in which the alkylated base is
directly repaired by the irreversible transfer of the alkylic group

from the damaged guanine to the catalytic cysteine in the protein
active site®. The protein is permanently inactivated upon the
trans-alkylation reaction and susceptible to in vivo degradation via
the proteasome.

In 2003, the group of Kai Johnsson developed a new strategy
to exploit the hMGMT suicidal reaction in biotechnology, adopting
a directed-evolution approach to engineer a variant to be used as
an innovative protein-tag, that is, the SNAP-tag®. The rationale
behind the SNAP-tag technology is the low substrate specificity of
some AGT proteins, being able to efficiently recognise also the
0°%-benzyl-guanine (BG) nucleobase®. Likely, the reaction of these
enzymes with BG-derivatives could happen: upon the irreversible
transfer to the catalytic cysteine, they indeed demonstrated the
specific labelling of the hMGMT with molecules, as fluorophores,
previously conjugated to the 4-position of the BG benzyl ring.
Because of the small dimension of this protein, it was mutagen-
ized to abolish any DNA binding activity and utilised as protein-
tag for the indirect labelling of proteins of interest genetically
fused to it (Figure 1)°7'>. Later, the same group further engineered
the SNAP-tag® to obtain the CLIP-tag®, which specifically reacts
with O?-benzyl-cytosine derivatives, expanding that technology for
in vivo and in vitro multi-protein labelling™.

Apart from cell biology and fluorescence imaging, hundreds of
papers are present in the literature showing many applications of
SNAP-tag® in several fields, among which RNA-editing'”, the
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Figure 1. Single-step reaction vs chemo-enzymatic approach. (A) The SNAP-tag® technology is based on BG-derivatives singularly synthetised and purified, and not
excluding that the conjugated chemical group (green sphere) could affect the enzymatic reaction rate. (B) The SNAP-tag® technology revised uses a unique and univer-
sal azide BG-derivative, converting SNAP-tag® in a clickable form, prone to perform a fast and efficient cycloaddition with DBCO-based chemical groups. POI, protein of

interest genetically fused to the SNAP—rag®.
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development of SNAP-based sensors for small molecules and
ions'®?°, and protein-DNA complexes in “DNA Origami”
structures?'.

Following the same approach, Perugino and co-workers
expanded this technology to extremophilic organisms and to all
the applications which require harsh reaction conditions, not fully
suitable for the employing of the mesophilic SNAP-tag®. To this
aim, they developed a “thermo-SNAP-tag” by the production of a
variant of the OGT from Saccharolobus solfataricus (previously
Sulfolobus solfataricus, SSOGT-H’, hereinafter H°), an enzyme which
revealed extremely resistant to high temperature, high ionic
strength, proteases attack, and, in general, to common physical
and chemical denaturants®*?3, The intrinsic stability of H> made it
compatible with expression and utilisation in vivo as protein-tag in
thermophilic organisms, as Thermus thermophilus®** and Sulfolobus
islandicus®® as well as in an in vitro expression system using
Sulfolobus lysates?®. Recently, H* became a part of the new ASL™
system?’, which was particularly useful for the in vivo immobilisa-
tion and contemporary labelling of proteins and enzymes of inter-
est, stabilising them without any purification procedures
needed®.

SNAP-tag® technology is essentially based on BG-substrates:
although many of them are commercially available, the possibility
of conjugation of infinite desired molecules to the 4-position on
BG leads to the synthesis of ad hoc substrates. This is generally
possible through the crosslinking reaction of the so-called “BG-
building block” (such as the amine-reactive BG-NH,) with NHS-
ester derivative compounds. The main disadvantage is the need
to purify the final compounds before the reaction with the
enzyme, increasing the times and costs of the experiments (Figure
1(A)). Furthermore, the presence of chemical groups conjugated
to the benzyl moiety of the BG could affect the reaction efficiency
of the SNAP-tag®?®33, sometimes making this enzyme not fully
applicable to particular requests.

In this work, we analysed and confirmed the catalytic depend-
ence of SNAP-tag® and H® by several substrates having different

chemical groups conjugated to the O%-position of the guanine. To
overcome these limitations, in the current study we suggest a fur-
ther improvement of this technology with the application of a
chemo-enzymatic approach, by using a unique and universal azide
decorated BG-derivative, to obtain the specific labelling of the tag
(clickable-SNAP), that can be easily coupled with a potentially
infinite number of commercially available di-benzo-cyclo-octyl
(DBCO)-based molecules, through the copper-free azide-alkyne
Huisgen cycloaddition (Figure 1(B)). This approach could mainly
offer the advantage to take into account of a unique reaction rate
for the enzyme (with the azide-based BG), saving costs and times
for the linking to the tag of an infinite number of commercially
available DBCO-molecules. Here, we successfully proved the label-
ling of the SNAP-tag® with several DBCO-based fluorophores and
the covalent immobilisation of this protein on alkyne-coated sur-
face sensors.

2. Materials and methods
2.1. Reagents

BG was from Activate Scientific GmbH (UK), whereas MGPA was a
gift of Prof D. Prosperi (University of Bicocca, Milan, Italy). SNAP-
Vista® Green (SVG), SNAP Cell® Block (SCB), SNAP Cell® 430
(SC430), BG-PEG-NH, (BGPA), pSNAP-tag(m) plasmid, DNA restric-
tion endonucleases and DNA modification enzymes were pur-
chased from New England Biolabs (USA). Molecular biology kits
for plasmid preparations were from Macherey-Nagel GmbH
(Germany). Oligonucleotides synthesis and DNA sequencing ser-
vice were performed by Eurofins Genomics (Germany). BDP FL
alkyne, BDP FL DBCO, Cy5 DBCO were purchased from
Lumiprobe GmbH (Germany). DBCO-PEG,-Fluor 545, Tris(2-car-
boxyethyl)phosphin (TCEP), Tris [(1-benzyl-1H-1,2,3-triazol-4-yl)-
methyllamine (TBTA) were from Sigma-Aldrich (St. Louis, MO).
Pierce™ Premium Grade Sulfo-NHS (N-hydroxy-sulfo-succinimide)
and Pierce™ Premium Grade 1-ethyl-3-(3-dimethyl-amino-propyl)-



carbodiimide hydrochloride (EDC) were from Thermo Fisher
Scientific (Carlsbad, CA).

2.2. Compounds synthesis: general procedures

'H (400 MHz) and "3C (100 MHz) NMR spectra were measured on
Bruker Advance Neo 400 MHz spectrometer. Chemical shifts were
referenced to the residual solvent signal (CDCls: 6y = 7.26, dc =
77.0; DMSO: 6y = 2.50 6c = 39.5). Low-resolution ESI-MS were
obtained on an LTQ OrbitrapXL (Thermo Scientific) mass spec-
trometer. IR spectra were registered on Shimadzu DR 8001 spec-
trophotometer. Silica gel 60 (70-230 mesh) used for gravity
column  chromatography  (CC) was  purchased  from
Macherey-Nagel. Reactions were monitored by TLC on Merck 60
F254 (0.25mm) plates, visualised by staining with 5% H,SO, in
ethanol or KMnO, and heating. Organic phases were dried with
Na,SO, before evaporation. Chemical reagents and solvents were
from Aldrich, Alfa Aesar, and TCl and were used without any fur-
ther purification unless stated otherwise.

2.3. Synthesis of BGN3

BGN3 was synthesised according to the method of Zhang et al.>,
whose experimental spectra were comparable. White solid. 'H
NMR (400 MHz, DMSO-d¢) ¢ 7.84 (s, 1H), 7.53 (d, J=7.8Hz, 2H),
739 (d, J=7.8Hz, 2H), 6.28 (bs, 2H), 5.49 (s, 2H), 4.45 (s, 2H)
(Figure S1(A)). "™3C NMR (100 MHz, DMSO-d¢) & 159.69, 136.80,
135.43, 128.82, 128.58, 66.44, 53.37. IR (KBr) cm ': 3638, 3462,
3322, 2799, 2132, 1424, 1257, 1163, 912, 790, 656, 514. ESI/MS:
m/z [M+H"] 297 (Figure S1(B)).

2.4. Synthesis of BGSN3
BGSN3 was synthesised by following the scheme in Figure S2.

2.4.1 Synthesis of 4-azido-N-(4-(hydroxymethyl) benzyl) butana-
mide (compound 3)

A stirred solution of compound 1 (see Figure S2; 1.176g,
9.115mmol, 1 eg/mol) was prepared according to the method by
Huang et al.3* in DCM (30 ml), compound 2 (1.500g, 10.939 mmol,
1.2 eg/mol; prepared according to the method by Leng et al.>®
and TEA (5.08 ml, 36.460 mmol, 4 eg/mol) were added. The mix-
ture was stirred for 10 min at room temperature, then T3P (50%
solution in EtOAc, 10.85ml, 18.230 mmol, 2 eg/mol) was slowly
added dropwise, and the stirred reaction was left overnight at
room temperature until the complete conversion of the starting
material (TLC: PE-EtOAc 4:6; Rf 1=0.47; Rf 3=0.16). The reaction
was quenched by the addition of BRINE and extraction with DCM.
After drying (Na,SO,) and evaporation, the residue was purified
by gravity column chromatography on silica gel (gradient PE-
EtOAc from 6:4 to 3:7) to afford compound 3 as a white solid
(660 mg, 30%). "H NMR (400 MHz, CDCl3) 0 7.28 (d, J=8.0Hz, 2H),
7.20 (d, J=7.9Hz, 2H), 6.36 (t, J=5.6Hz, 1H), 4.63 (s, 2H), 4.35 (d,
J=5.7Hz, 2H), 3.31 (t, J=6.6Hz, 2H), 2.27 (t, J=7.3Hz, 2H), 1.89
(p, J=6.9Hz, 2H) (Figure S3(A)).">C NMR (100 MHz, CDCl5) o
171.93, 140.30, 137.28, 127.69, 127.17, 64.53, 50.65, 43.19, 32.96,
24.69. IR (KBr) cm™': 3276, 3055, 2921, 2880, 2103, 1635, 1540,
1418, 1257, 1015, 827, 747, 677, 553. ESI/MS: m/z [M+H"] 249
(Figure S3(B)).
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2.4.2. Synthesis of (N-(4-(((2-amino-9H-purin-6-yl)oxy)methyl)ben-
zyl)-4-azidobutanamide) (BGSN3)

To a cooled solution (0°C) of compound 3 (400 mg, 1.611 mmol, 1
eg/mol) in dry DMF (10ml) in a dry flask under N, atmosphere,
NaH (60% dispersion in mineral oil, 202 mg, 5.059 mmol, 3.14 eq/
mol) was slowly added. The mixture was stirred at 0°C for 10 min,
then DMAP (16 mg, 0.129 mmol, 0.08 eg/mol) and compound 4
(451mg, 1.772mmol, 1.1 eqg/mol; prepared according to the
method by Kindermann et al.3” were sequentially added. The reac-
tion was then heated at room temperature and stirred for 4 h until
the complete conversion of the starting material (TLC: DCM-MeOH
9:1; Rf 4=0.70; Rf BGSN= 0.55), then quenched by slow addition
of BRINE and extraction with EtOAc. After drying (Na,SO,) and
evaporation, the residue was purified by gravity column chroma-
tography on silica gel (gradient DCM-MeOH from pure DCM to
20:1) to afford BGSN3 as a white solid (413mg, 67%). 'H NMR
(400 MHz, DMSO-dg) 0 12.48 (bs, NH purine, 1H), 8.43 (t, J=5.9Hz,
1H), 7.85 (s, 1H), 7.49 (d, J=7.7Hz, 2H), 7.30 (d, J=7.8Hz, 2H),
6.31 (bs, NH2 purine 2H), 5.50 (s, 2H), 4.30 (d, J=5.9Hz, 2H), 3.36
(t, J=6.8Hz, 2H), 2.26 (t, J=7.4Hz 2H), 1.81 (p, J=7.1Hz, 2H)
(Figure S4(A)). '3C NMR (100 MHz, DMSO-dg) & 171.38, 159.91,
159.69, 155.23, 139.48, 137.90, 13531, 128.60, 127.34, 113.57,
66.59, 50.36, 41.95, 32.23, 24.58. IR (KBr) cm™ ': 3647, 3484, 3379,
3282, 2794, 2100, 1580, 1403, 1282, 1163, 938, 835, 789, 635, 553.
ESI/MS: m/z [M +H*] 382 (Figure S4(B)).

2.5 Plasmids and protein purification

The cloning procedures in the pQE31 expression vector (Qiagen,
Germany) were similar for both proteins. In particular, the pSNAP-
tag(m) Vector was used as a template to amplify the DNA frag-
ment relative to the SNAP-tag® gene, by using QE_SNAP-Fwd/
QE_SNAP-Rev  oligonucleotides  pairs  (5-ATGGCAGGATCCAA
TGGACAAAGACTGCGAAATG-3'/5'-CTATCAAAGCTTAACCCAGCCCAG
GCTTGCCCA G-3'; BamH | and Hind Il sites, respectively, are
underlined). Afterwards, the resulting fragment and the pQE31
vector were digested with BamH | and Hind lll restriction enzymes
and ligated, leading to the final pQE-SNAP plasmid. The final
SNAP-tag® protein was expressed with an extra N-terminal amino-
acidic sequence, comprising a Hisg-tag (MRGSHHHHHHTDP-). The
ligation mixture was used to transform E. coli KRX competent cells
and positive colonies were confirmed by PCR and DNA
sequence analyses.

H° was cloned as previously described®. SNAP-tag® and H°
proteins were expressed in E. coli ABLE C cells, grown at 37°C in
Luria—Bertani (LB) medium supplemented with 50 mg/l kanamycin
and 100 mg/l ampicillin. The protein expression was induced with
1 mM isopropyl-thio--D-galactoside (IPTG) at an absorbance value
of 0.5-0.6 Agoo NM. After overnight growth, cells were collected
and resuspended 1:3 (w/v) in purification buffer (50 mM phos-
phate, 300 MM NaCl; pH 8.0) supplemented with 1% Triton X-100
and stored overnight at —20°C. Subsequently, the biomass was
treated in ice with lysozyme and DNAse for 60 min and then soni-
cated as described (Perugino et al, 2012). After centrifugation of
30min at 60,000 x g, the cell extract was recovered and applied
to a Protino Ni-NTA Column 1ml (Macherey-Nagel) for Hisg-tag
affinity chromatography. The eluted fractions containing the pro-
tein were collected and dialysed against phosphate-buffered saline
(PBS 1x, 20mM phosphate buffer, NaCl 150 mM, pH 7.3). Pooled
fractions were concentrated and protein purification was con-
firmed by SDS-PAGE analysis. Aliquots were finally stored
at —20°C.
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Table 1. Substrate specificity of SNAP-tag® and H° by competitive inhibition method (ICso) by using SVG as substrate, and second order rate constant of the enzym-

atic reaction of these protein-tags only on the BGSN3 substrate.

SNAP-tag® SsOGT-H®
Structure Name ICso (M) (s M) ICso (M) k(s"MT) Note
Ho O 0 ‘ 0 SVG - 28x10%°P - 1.6 x 10* [14,24]
=z
COOH
9 H
</N f;,\O\/N O
N N/)\NH ) 0
0 /\© BG 36.8+5.6 - 10.1+1.0 - This work
N B
T
N N/)\NH )
o/\@_& SCB 2.1£0.5 - 44408 - This work
N S /
LI
S N/J\VH )
o BGN3 156+0.3 - 235+1.0 - This work
</N | N N 3
” N )
\ BG430 ND¢ - ND - This work
o 0. O N~
N N//]\VH ) ©
o nH | BGPA 86.0+6.7 - 143+19 - This work
N XN N\n/N\/\O/\/O\/\O/\/NHZ
] A, I
NTON H,
O %O >’VNH7 MGPA? - - 268.9+19.1° - This work
N N
¢
N N/J\NH )
BGSN3 178+ 1.1 464+1.04x10° 10.0+0.7 1.40+0.47 x 10°* This work

N3
O/\©\/ (ﬁ
N NH
g,
=
H N H,

For each compound, the guanine moiety is drawn in black and the chemical group conjugated to the benzyl ring in blue. The fluorescein moiety of the SVG is in
green, whereas SCB differs from the other derivatives by the presence of a benzylic ring (in red). Azide group is conventionally coloured in magenta.
2Reaction rates at 25°C; Pthis value was obtained by using a BG-fluorescein substrate (BG-FL) very similar to SVG; “not determined; dthis molecule is a Oé—methyl—

guanine derivative; °competitive assay for H> was performed at 65 °C.

2.6 AGTs’ substrate assay by competitive inhibition method

Competitive inhibition assay was performed as described®*32,

Briefly, by using a fixed concentration of the fluorescent SVG
(5uM) and enzymes (5uM), an increasing amount of guanine-
derivatives (0-2mM) was added to the mixtures. The reactions
were incubated for 30 min at 25°C and 50°C for SNAP-tag® and
H’ respectively, and loaded on SDS-PAGE. Subsequently, fluores-
cent bands were measured by gel-imaging on a VersaDoc 4000™
system (Bio-Rad), by applying a blue LED/530 bandpass filter.
Obtained data were finally plotted by Equation (1),

100
RF = %

()

where RF is the obtained Relative Fluorescence, [/] and [S] are the
concentration of the inhibitor and the substrate, respectively, and

M

finally the 1Csq is the concentration needed to reduce by 50% the
fluorescence intensity of the protein band.

We evaluated the activity of SNAP-tag® and H® enzymes on
BGN3 and BGSN3 by the afore-mentioned ICs, method (Figure
S5(A,B)) and other O%-guanine-derivatives (Table 1).

2.7. In vitro Huisgen Cu(l)-catalysed cycloaddition reaction

The Huisgen chemical reaction was evaluated on SNAP-tag® and
H° previously incubated with BGN3 and BGSN3. An opportune
amount of purified proteins was incubated within an equimolar
ratio of these substrates for 60-120min at 25°C and 37°C
respectively, to ensure the complete enzymatic labelling reaction.
Later, we performed the subsequent cycloaddition using 5puM of
an alkyne-derivative of the fluorescein (BDP FL alkyne), in the
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presence of copper (1mM), TCEP (1 mM), TBTA (0.1 mM) and,
where indicated, of SDS (0.05%). Finally, mixtures were loaded on
SDS-PAGE and analysed as described in Section 4 (Figure S5(C,D)).

2.8. Molecular modelling

All molecular modelling studies were performed on a Tesla work-
station equipped with two Intel Xeon X5650 2.67 GHz processors
and Ubuntu 14.04 (http://www.ubuntu.com). The protein struc-
tures and 3D chemical structures were generated in PyMOL (The
PyMOL Molecular Graphics System, version 2.2.3, Schrodinger
LLC, 2019).

2.9. Molecular dynamics (MD) simulation

The MD simulations were carried out using the Desmond simula-
tion package of Schrodinger LLC (Schrodinger Release 2019-1:
Desmond Molecular Dynamics System; D. E. Shaw Research: New
York, NY, 2019; Maestro-Desmond Interoperability Tools,
Schrodinger, New York, NY, 2019). The X-ray structure of the H’
covalently bound to SVG was used in this study, entry code
6GA0*°, water molecules were removed, and all hydrogen atoms
and charges were added. The NPT ensemble with the temperature
of 300K and a pressure 1bar was applied in all runs. The simula-
tion length was 100 ns with relaxation time 1ps. The OPLS_2005
force field parameters were used in all simulations*’. The long-
range electrostatic interactions were calculated using the particle
mesh Ewald method®'. The cut-off radius in Coulomb interactions
was 9.0 A. The water molecules were explicitly described using the
simple point charge model*2. The Martyna-Tuckerman-Klein chain
coupling scheme®® with a coupling constant of 2.0 ps was used
for the pressure control and the Nosé-Hoover chain coupling
scheme™ for the temperature control. Non-bonded forces were
calculated using an r-RESPA integrator where the short-range
forces were updated every step and the long-range forces were
updated every three steps. The trajectory sampling was done at
an interval of 1.0 ps. The behaviour and interactions between the
ligands and protein were analysed using the Simulation
Interaction Diagram tool implemented in the Desmond MD pack-
age. The stability of MD simulations was monitored by looking at
the RMSD of the ligand and protein atom positions in time.

2.10. Determination of the rate constants of the chemo-
enzymatic labelling approach

Rate constants of the enzymatic reactions with the only BGSN3
were determined by the method of Gautier et al.'”. In this case,
purified proteins (5 M) were incubated with the substrate (5 pM)
in PBS 1x buffer at 25°C. Aliquots were taken at different times,
the reactions were immediately stopped in Leammli Buffer 1x in
addition with 10 uM of Cy5 DBCO fluorophore and placing tubes
on ice.

Rate constants for the chemical reaction needed for the prelim-
inary achievement of the clickable-SNAP and clickable-H® with
BGSN3, which was obtained by the afore-described protocol, in
order to get the complete labelling. Then, to each aliquot of 5uM
of clickable proteins, 20 uM of DBCO-PEG,-Fluor 545 fluorophore
was added. At different times, an excess of sodium azide (NaNs,
300 mM) was immediately added to each aliquot and then placing
tubes on ice, in order to stop the click reaction between the azide
group on the BGSN3 and the DBCO-PEG,-Fluor 545 molecule.
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Finally, for both the experiments, all aliquots were boiled in an
SDS buffer for 5min, and immediately loaded on a SDS-PAGE, for
the gel-imaging and coomassie staining analyses, as previously
described. Data were fitted to a pseudo-first-order reaction model
using the GraFit 5.0 software package (Erithacus Software Ltd.).
Second-order rate constants k (in s~' M~") were then obtained by
dividing the pseudo-first-order constant by the concentration of
the substrate (Figure 2 and Table 1). Values given are an average
of at least three independent measurements.

2.11. In vitro Huisgen copper-free cycloaddition reaction with
different DBCO-fluorophores

For the copper-free click reaction, aliquots of 5uM of each click-
able-protein were incubated for 60 min at room temperature in
the dark with 5pM of fluorescent DBCO-derivative substrates
(BDP FL DBCO, Cy5 DBCO, and DBCO-PEG,-Fluor 545) in a total
volume of 10pul of PBS 1x buffer (Figure 4 and Figure S6). The
reactions were finally stopped in Leammli Buffer 3x, loaded on
SDS-PAGE, and analysed as described in Section 4, by applying a
blue LED/530 bandpass filter, red LED/695 bandpass filter and
green LED/605 bandpass filter as excitation/emission parameters
for each DBCO-fluorophores, respectively. The click reaction was
also performed on 5uM of both the enzymes, but in the presence
of an EcCFE diluted in PBS 1x buffer.

2.12. Procedure for protein immobilisation on bio layer
interferometry (BLI), by following the chemo-
enzymatic approach

OctetRED96™ (ForteBio, Fremont, CA) was used to immobilise
specifically SNAP-tag® and H® with the chemo-enzymatic approach
(Figure 5(A,B)). Samples and reaction buffers were located in black
96-well plates (OptiPlate-96 Black, Black Opaque 96-well
Microplate, PerkinElmer, Billerica, MA) in a maximum reaction vol-
ume of 300l per well with 800rpm shaking for each step. For
the immobilisation procedure, AR2G sensors were first wetted in
200 ul of pure water for at least 15 min, followed by an equilibra-
tion step (3min) in acetate buffer 0.1 M, pH 5.0. Afterwards, they
were activated with 20mM 1-ethyl-3-(3-dimethyl-amino-propyl)
carbodiimide hydrochloride (EDC)/20 mM N-hydroxy-sulfo-succini-
mide (sulfo-NHS) mixture in acetate buffer (60 min) and covered
with  2mM propargyl-PEGs-amine  bifunctional linker
(BroadPharm, San Diego, CA) in Loading step (20 min). To avoid
the presence of any free amine groups on the biosensors, a
Blocking step with Ethanolamine 1M (30min) was performed.
Subsequently, a Washing step (15min) with water and an
Equilibration step in click-reaction buffer (15 min) are followed.

During the afore-described procedure, proteins were labelled
with BGSNS3. Finally, the immobilisation step for each sample via
Huisgen reaction was carried out at 30°C for 80 min, followed by
a Washing step (20 min), in order to remove all the unbound mol-
ecules. This procedure was the same in the presence of the EcCFE.
All measurements were performed in triplicates.

2.13. Permeability of eukaryotic and prokaryotic cells to BGSN3

HEK293T cells were maintained at 37°C with 5% CO, in
Dulbecco’s Modified Essential Medium (Invitrogen, Carlsbad, CA)
supplemented with 10% Foetal Bovine Serum (FBS) (Invitrogen)
and 100U/ml Penicillin/Streptomycin  (Roche, Switzerland).
HEK293T cells were transfected with SNAP-tag® plasmid by using
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Figure 2. Reaction rates of the chemo-enzymatic approach. Pseudo-first-order reaction of protein-tags for (A) the enzymatic reaction with BGSN3 (see k values also in
Table 1), and of clickable-tags for (B) Huisgen reaction with DBCO-PEG,-Fluor 545 (see values in the main text). Values given are an average of three independent
measurements. The reaction scheme was an exemplification of Figure 1(B) in the main text. Data are represented as mean + SEM.
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Figure 3. Molecular modelling on H° with BG-azides. (A) RMSD of the atomic positions for the compound BGN3 (Lig fit Prot, in red) and the protein H (Ca positions,
in blue) of the 100 ns molecular dynamics simulations using Desmond package. (B) A timeline representation of the interactions and contacts (H-bonds, Hydrophobic,
lonic, Water bridges). (C) RMSD of the atomic positions for the compound BGSN3 (Lig fit Prot, in red) and the protein H (Co positions, in blue) of the 100 ns molecular
dynamics simulations using Desmond package. (D) A timeline representation of the interactions and contacts (H-bonds, Hydrophobic, lonic, Water bridges). (E) Solvent

Accessible Surface Area (SASA) of BGN3/H® (in orange) and BGSN3/H® (in cyan) complexes over the MD simulation time (mean values are depicted as dot lines).
Frames of H5—probe complexes with lower (F, H) and higher (G, I) SASA value for BGN3 (F, G) and BGSN3 (H, ), respectively.

Lipofectamine 2000 (Invitrogen) following manufacturer’s protocol. concentrations ranging (from 1 to 25 uM), directly dissolving the
The treatment with BGSN3 were performed, at the concentration compound in complete culture medium. Then cells were har-
and time indicated for each experiment. Twenty-four hours after vested, washed with PBS 1x buffer and lysed with 50 mM Tris-HCI
transfection, we treated cells with BGSN3 for 2h at different pH 7.4, 150mM NaCl, 0.5mM EDTA, 0.1% Triton X-100
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Figure 4. Specificity of the Huisgen reaction. Gel-imaging analysis of SNAP-tag™ labelling by a chemo-enzymatic approach with BGSN3 and three different DBCO-deriva-
tive fluorophores. Protein (5uM) was incubated with 5 uM of the azide-based BG for 60 min at 25 °C; then, an equimolar amount of DBCO-based substrate was added
for the chemical click reaction, keeping the same time and temperature conditions. As control, SNAP-tag® was incubated only with SVG (lane 1, signal marked with

an asterisk).

supplemented with complete protease (Roche, Switzerland) and
phosphatase  (SERVA  Electrophoresis, Germany) inhibitors.
Afterwards, transfected cells were treated with a fixed concentra-
tion of BGSN3 (10uM) at different time points (from 30 to
120 min). Again, HEK293T cells were washed and lysed as
described before. To confirm the reaction with BGSN3, the same
amount of protein extract (0.91 ug/uL for each sample) was incu-
bated for 30 min at 25°C with SVG. Subsequently, proteins were
loaded on SDS-PAGE and analysed by gel-imaging on a VersaDoc
4000™ system (Bio-Rad), by applying a blue LED/530 bandpass fil-
ter (Figure 6).

For flow cytometry analysis, HeLa cells were seeded in 24-well
plates and transfected with SNAP-tag® plasmid by using

Lipofectamine 2000 (Invitrogen, USA) following manufacturer’s
protocol. Twenty-four hours after the transfection, cells were
treated with 25 uM BGSN3 for 1 h, and the excess of the substrate
was washed out by 2 x 15min, followed by 1 x 30min washes.
Cells where then treated with 2.5uM BDP FL DBCO for 30 min
and unbound fluorophore was removed by following the same
procedure performed for the BGSN3. All treatments and washes
were performed at 37°C in a complete culture medium. Lastly,
cells were harvested by trypsinization, and fluorescence was meas-
ured using FACS CANTO Il instrument. The analysis was performed
on live singlet cells using FlowJo software (Figure S7(A)).

E. coli ABLE C strain was transformed with SNAP-tag® plasmid
and protein expressed as previously described. After overnight
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Figure 6. Eukaryotic permeability to BGSN3. SDS-PAGE analysis by gel-imaging and coomassie staining of HEK293T cell lysates. After BGSN3 in medium treatment,

lysates were incubated with SVG.

growth, samples of 2ml were treated with 100 uM of BGSN3 for
2h at 25°C and then collected by centrifugation at 2000 x g. Cell
pellets of 0.05g were resuspended 1:3 (w/v) in PBS 1x supple-
mented with 1% Triton X-100 and subjected to cell lysis, by apply-
ing 5 cycles of freeze-thawing. After a centrifugation at 13,000 x g,
the supernatants containing the protein extract were incubated
30min at 25°C with SVG, and proteins were loaded on SDS-
PAGE. Finally, fluorescent bands were analysed by gel-imaging
techniques (Figure S7(B)).

3. Result and discussion
3.1. Substrate specificity of AGTs on BG-based substrates

Following the irreversible reaction shown in Figure 1, we eval-
uated the activity of two enzymes in our possession on several
0°-guanine-derivatives (Table 1). Because most of them are non-
fluorescent compounds, we performed an AGTs' competitive
inhibition assay by using the fluorescein-derivative SNAP-Vista®
Green as substrate (SVG), as previously described®?2**>. Briefly,
the reaction of an AGT with SVG led to a fluoresceinated protein,
which can be visualised as a fluorescent band in gel-imaging ana-
lysis after SDS-PAGE. The presence of increasing amounts of a

non-fluorescent competitor in the reaction causes a decrease of
the fluorescent signals, which can be measured and plotted for
the ICso values determination®*®, As shown in Table 1, SNAP-tag®
and H® displayed different behaviours versus these competitors,
without any rationale for the dimension and/or polarity of the
conjugated chemical groups. While SNAP-Cell® 430 (SC430) com-
pletely lost the competition with SVG, both the enzymes are
extremely active on the SNAP Cell® Block (SCB), displaying the
lowest 1Cso value measured. This result was expected, because
SCB has a structure very similar to the Lomeguatrib, one of the
most efficient inhibitors of the hMGMT protein, employed in the
cancer treatment in combination with alkylating agents-based
chemotherapeutics®’.

In general, all commercially available products used (SVG, SCB,
BG430, and BG-PEG-NH2, BGPA) are good substrates for the
SNAP-tag® and H° enzymes, completing their labelling reaction in
few hours (data not shown). However, based on our results, the
choice of the chemical group to be conjugated to the 0°-guanine
for zcustomized substrates may present risks, with consequent
decreases in the reaction rate for these protein-tags. This was the
case of methyl-guanine-PEG-NH2 (MGPA), which is an O°-methyl-
guanine derivative, used for the immobilisation of SNAP-tag® on
nanoparticles®®. The latter is not a preferred substrate, probably
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because of the absence of the benzyl ring, which leads to com-
plete labelling of the SNAP-tag® and H’ after over-night incuba-
tion at 4°C*® and 65 °C (data not shown), respectively.

3.2. In vitro enzymatic reaction of engineered AGTs with BG-
azide substrates

Recent studies were focussed on the synthesis of alternative “BG-
building blocks,” which offer the opportunity to produce SNAP-
substrates by following easier and faster protocols: an alkyne sub-
stituted O%°-BG was employed in the synthesis of compounds by
the Huisgen cycloaddition with azide-based fluorescent probes*
or, inversely, by using the O°-BG-N; (BGN3, Figure S1) for the con-
jugation with alkyne-based chemical groups®*. We evaluated the
enzymatic reaction of the H° and the SNAP-tag® directly on BGN3
and a synthesised BG-derivative containing a benzyl ring oppor-
tunely spaced from the azide group (BGSN3, Figure S4): after the
reaction, no fluorescent signal was obtained on SDS-PAGE gel-
imaging upon the addition of SVG (Figure S5(A,B)). This indicates
that the catalytic cysteine was completely blocked by the benzyl-
azide moiety, impeding the access of the fluorescent substrate to
the active site. Compared to the classical BG-derivatives, these pro-
tein-tags showed a reasonable activity on both these BG-azides, as
resulted by the calculated ICso (Table 1 and Figure S5(A,B)).

After the enzymatic reaction of H*> with BGN3 and BGSN3, we
performed the subsequent cycloaddition using an alkyne-deriva-
tive of the fluorescein (BDP FL alkyne): however, the chemical
reaction was less efficient using the former substrate (Figure S5(C),
lane 2). In this case, the complete fluorescein labelling of the pro-
tein was achieved only in the presence of a small amount of SDS
during the cycloaddition step (lane 3), suggesting that the protein
is still folded after the enzymatic reaction and the azide is hidden
in the active site core. The addition of the denaturant could have
slightly opened the protein structure, favouring a better exposure
of the azide group to the solvent, and allowing the click reaction
to occur.

On the contrary, using BGSN3 as substrate, the labelling of
both the enzymes was comparable to the classical reaction with
SVG without any denaturing agent, likely the longer spacer of
BGSN3 could sufficiently move away from the azide group from
the protein surface for the Huisgen reaction (Figure S5(D), lanes 2
and 4). From now on, experiments were only performed by using
the longer BG-azide. We first calculated the rate of the enzymatic
reaction, demonstrating that both protein-tags show a high cata-
lytic activity comparable to the commercial BG-derivatives cur-
rently used (Figure 2(A) and Table 1), also indicating that the
complete protein labelling in less of an hour can be
performed 31424,

3.3. Molecular modelling on the H®> with BG-azides

BGN3 and BGSN3 differ in length since the chemical spacer
between the benzyl ring and the active azide makes the latter
potentially more prone to the labelling reaction. It could be
assumed that this aspect alone influences the availability of the
azide moiety to react. However, proteins are not a static system,
the amino acids side-chain movements could mask the azide and
prevent the “click” chemistry reaction. The covalent complexes of
these compounds with H> were analysed with Molecular Dynamics
(MD) simulations using the Desmond package (see Experimental
Section). The complexes were simulated for 100 ns at 300 K using
a standard protocol. The protein structure has been stabilised, as
shown in the RMSDs for both the IDO1 Ca and the ligand (Figure

3(A,Q)). The MD results were analysed in terms of Solvent
Accessible Surface Area (SASA) of the compounds: more time the
compounds are exposed to the solvent, the higher is the possibil-
ity to react®®. In Figure 3 is reported the fluctuation of the SASA
values over the simulation time together with the structure model
of the H’ protein in complex with BGN3 and BSGN3, respectively.
The former is less exposed to the solvent with a SASA value of
32,967 +18.573 A® compared to BGSN3, which shows a higher
SASA value 68.302 +32.455 A2 This simulation confirmed our bio-
chemical data, proposing the BG-derivative with the spacer as a
better substrate for our chemo-enzymatic approach.

3.4. Specificity and versatility of the chemo-enzymatic reaction

The 0°-BG-based BGSN3 is a good substrate for the two protein-
tags used (Table 1 and Figure 2(A)) and offering the advantage to
sufficiently expose the azide group for the Huisgen reaction. This
was the starting point to examine: (i) the labelling efficiency of
the clickable-SNAP and clickable-H®> by using different DBCO-based
fluorophores; (ii) the specificity of the “click” reaction.

Upon the reaction with BGSN3, all cycloaddition reactions with
three different DBCO-based fluorophores were complete in ca.
30-45min in PBS 1x buffer (Figure 4, lanes 2-4), with a protein-
labelling as efficient as the enzymatic reaction using the sole SVG
(lane 1). We quantitatively evaluated the rate (k) of the click reac-
tion by using the DBCO-PEG4-Fluor 545 fluorophore: as
expected, both the clickable-tags were labelled with the same effi-
ciency (1.83£0.41x10% s7' M~" for SNAP-tag® 1.54+0.39 x 10°
s~' M~ for H°), demonstrating that the chemical reaction is suffi-
ciently fast and independent from the tags (Figure 2(B)).

Concerning the specificity, we added a crude protein extract
from Escherichia coli ABLE C (EcCFE), without any AGT activity at
the gel-imaging analysis (Figure 4, lane 5). In this context, the only
presence of the free protein-tag and the DBCO-fluorophore also
did not result in any fluorescent signal (lanes 6), whereas the pre-
viously purified clickable-SNAP (lane 7), as well as its free form in
the presence of BGSN3 (lane 8), was specifically able to complete
the chemo-enzymatic reaction, giving an evident fluorescent sig-
nal. The high specificity of our approach was also confirmed by
using the H° enzyme, which displays a better labelling reaction
than the mesophilic SNAP-tag® (Figure S6). Probably, something in
the extract might impede SNAP-tag® activity. These results clearly
demonstrated the high efficiency of our chemo-enzymatic
approach for the labelling of both the protein-tags used.

3.5. Application to the bio layer interferometry

The possibility to apply the SNAP-tag® technology to the Surface
Plasmon Resonance (SPR) for the covalent immobilisation of a pro-
tein of interest was first explored by the group of Kai Johnsson®’,
followed by other groups with the same substrate®' or a biotin
BG-derivative®2. Their approaches, again, required preliminarily the
synthesis and the purification of a compatible substrate to cover
the sensor chip surface. We used, instead, the BGSN3 substrate
for the immobilisation of the SNAP-tag® directly on an alkyne-
derived sensor chip of the bio layer interferometry (BLI) equip-
ment, as shown in Figure 5. This technique is more advantageous
with respect to the SPR because: (i) it needs a smaller amount of
sample, making it more compatible to higher throughput (the
capacity of running up to 96 samples in a parallel); (ii) the possi-
bility to reuse samples, and (iii) of the total independency from
any microfluidic issues.
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Given the lack of any available BLI alkyne-derived sensors, we
first activated the AR2G type by a bi-functional linker (propargyl-
PEG 3-amine) in order to expose an alkyne group on the surface
(Figure 5(A)). This modified protocol provides first the coating of
the sensor tips with alkyne groups (approx. 80 min), during that
the reaction between the protein-tag and BGSN3 inside the 96-
wells rack takes place (Figure 5(B)). Only the contemporary pres-
ence of the clickable-SNAP and the alkyne-coated sensor led to a
measurable response (Figure 5(C)). After washing procedures, the
signal did not significantly drop-down, given the covalent reaction
between the protein and the sensor. We successfully achieved
results with both the enzymes, although temperature and times
of the enzymatic reaction on BLI (30°C) favoured the SNAP-tag®
respect to the thermophilic H>'*2%, Furthermore, in EcCFEs where
both the enzymes were expressed, a specific and efficient immo-
bilisation on BLI sensor tips occurred (Figure 5(D)), although the
SNAP-tag® displayed a lower labelling efficiency in the EcCFE, as
expected (compare lane 8 in Figure 4 and Figure S6). As for other
techniques, this specific surface immobilisation of SNAP-tag® gives
the opportunity to perform a directly on-chip purification of a
tagged-POI from a crude lysate. without any purification step, in
an indirect manner, which favours a better orientation of the POI
for its biological activities.

3.6. Permeability of eukaryotic and prokaryotic cells to
BG-azides

One of the major applications of the SNAP-tag® technology con-
cerns the field of cell biology, where detecting fluorescent-
tagged-POls in living cells represents an important tool to study
protein functions and locations®>. To test our chemo-enzymatic
approach, we first investigated the permeability of BGSN3. Lysates
of HEK293T cells pre-treated with BGNS3 were then incubated
with the SVG substrate: the absence of any fluorescent signal by
gel-imaging only in BG-azide treated lysates demonstrated that
the internalisation of BGSN3 was fast (ca. 30 min; Figure 6, lane 3)
and at concentrations comparable with commercial cell biology
BG-substrates (in the range of <5uM; Figure 6, lane 8).
Preliminary experiments by FACS analysis confirmed that the
in vivo cycloaddition between BGSN3 and the BDP-FL DBCO
occurred (Figure S7(A)). This was also confirmed for E. coli bacter-
ial cells (Figure S7(B), lane 2).

4. Conclusions and perspectives

We developed an innovative modification of the SNAP-tag® tech-
nology, in order to overcome times and costs relative to the pro-
duction and the utilisation of commercial or purified customised
BG-derivatives. Although they are compatible in terms of catalytic
activity as for the SNAP-tag® as well as for the others
AGTs?2724374654 tha risk of lowering the catalytic activity of these
tags with customised BG-derivatives should not be underesti-
mated (Table 1). We started by the knowledge that: (i) self-label-
ling protein-tags are still folded and enough stability in their
benzylated form after the enzymatic reaction'*>?; (ii) the Huisgen
cycloaddition is extremely versatile, fast and specific. Recently, the
latter was used for the entrapment of catalytic activities by azide-
based pseudo-substrates in a well-known powerful method, the
in vivo activity-based protein profiling (ABPP)*>. For these reasons,
a chemo-enzymatic approach (Figure 1(B)) with an opportunely
selected azide-based BG-substrate (BGSN3) was set up: the effi-
cient exposition of the azide outside the protein surface allows
the reaction with a huge number of commercially DBCO-based
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molecules, more than those BG-derivatives, keeping high the spe-
cificity in the presence of in vitro “perturbing” proteins (like in cell
lysates) and the in vivo labelling of expressed SNAP-tag® in
eukaryotic cells. Finally, BGSN3 proved to be a good substrate for
the direct immobilisation of these tags on solid surfaces. We dem-
onstrated that splitting the SNAP-tag® reaction into two fast steps,
as experimentally measured (Figure 2(A,B)), does not affect the
overall rate and efficiency of the protein labelling'>?*, thus open-
ing new perspectives and widening the applications of this power-
ful biotechnology.
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Folding-upon-Repair DNA Nanoswitches for Monitoring the Activity

of DNA Repair Enzymes

Nada Farag®, Rosanna Mattossovich®, Rosa Merlo, t.ukasz Nierzwicki, Giulia Palermo,

Alessandro Porchetta,* Giuseppe Perugino,* and Francesco Ricci*

Abstract: We present a new class of DNA-based nanoswitches
that, upon enzymatic repair, could undergo a conformational
change mechanism leading to a change in fluorescent signal.
Such folding-upon-repair DNA nanoswitches are synthetic
DNA sequences containing O°-methyl-guanine (0°-MeG)
nucleobases and labelled with a fluorophore/quencher optical
pair. The nanoswitches are rationally designed so that only
upon enzymatic demethylation of the O°-MeG nucleobases
they can form stable intramolecular Hoogsteen interactions
and fold into an optically active triplex DNA structure. We
have first characterized the folding mechanism induced by the
enzymatic repair activity through fluorescent experiments and
Molecular Dynamics simulations. We then demonstrated that
the folding-upon-repair DNA nanoswitches are suitable and
specific substrates for different methyltransferase enzymes
including the human homologue (hMGMT) and they allow the
screening of novel potential methyltransferase inhibitors.

Introduction

The genetic information inside cells is protected against
DNA damage by multi-enzymatic DNA repair mechanisms,
such as base excision, nucleotide excision repair,“] or a direct
damage reversal by O°-methylguanine-DNA-methyltransfer-
ases (abbreviated here as AGTs).”*! The latter is a class of
evolutionarily conserved biocatalysts, able to directly and
irreversibly remove alkyl groups at the O°-position of
guanines on DNA in a single Sy2-like reaction mechanism.
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These enzymes, indeed, represent the major factor in
contrasting the effects of alkylating agents that form such
adducts.” On the other hand, human methyltransferase
(hMGMT) activity impacts the alkylating agent-based che-
motherapy in cancer cells.>”! For this reason, different
hMGMT inactivators/inhibitors are usually employed in
combination with this kind of chemotherapy.*!

Because of the clinical relevance of AGTs, assays able to
measure their activity in a reliable and rapid way are
needed.”’ Most of the assays developed so far are based on
the use of oligonucleotides carrying radioactive O°-methyl-
guanine (O°-MeG) groups and chromatographic separa-
tions.*"" These are, however, time-consuming, tedious, and
unsafe. Alternative fluorescence-based assays that allow
simple and fast detection of hMGMT activity have been
recently developed. For example, Kool and co-workers
designed a chemosensor that couples fluorescence change to
the bond-breaking step occurring during repair activity.'*'!
Other approaches employing optically-labelled DNA aptam-
ers,'! DNA-based electrochemical sensors!™ or O°-MeG-
containing double strands DNA (dsDNA) oligonucleotides in
competition with fluorescent substrates™!> ¥ were also
proposed. While these latter systems provide several advan-
tages including ease of use and high sensitivity, there is still an
urgent need for finding new strategies to achieve efficient
activity-based monitoring of DNA repair enzymes that can be
versatile enough to be suitable for a wide range of repair
activities.

Recently, DNA nanoswitches have emerged as a new class
of programmable probes that allow the sensitive and rapid
detection of a wide range of molecular targets.'"! DNA
nanoswitches usually undergo a binding-induced conforma-
tional change that can provide a measurable output in the
presence of a specific input. A number of strategies employ-
ing DNA nanoswitches have been developed for the detection
of different targets including pH,”?"*!! metal ions,”? small
molecules,™?! proteins,*? or specific antibodies.””! Crit-
ically, because their signaling is linked to a change in the
physics of the DNA probe induced by the recognition with
a target, such conformational switching sensors are generally
highly specific and selective.””)

Motivated by the above considerations, we demonstrate
here the rational design of a new class of DNA nanoswitches,
here named folding-upon-repair DNA nanoswitches, that can
be conveniently applied for monitoring DNA repair activity.
As an applicative example, we initially focused on methyl-
transferase enzymes and designed a fluorescent-labelled
DNA nanoswitch containing O’-MeG that, upon enzymatic

Angew. Chem. Int. Ed. 2021, 6o, 2—9
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repair, could undergo a conformational change associated
with a change in the output signal. This approach allows the
direct measurement of the activity of, in principle, any
methyltransferase enzyme thus opening the possibility to
develop an easy methodology for the high-throughput
determination of methyltransferase enzyme inhibitors.

Results and Discussion

Our strategy to design programmable nucleic acid nano-
switches for the detection of methyltransferase activity is
based on the use of a single-stranded DNA capable of forming
an intramolecular triplex structure through hydrogen bonds
(Hoogsteen interactions) between a hairpin duplex domain
and a single-strand triplex-forming portion.*”! More specifi-
cally, we have designed three nanoswitches displaying the
same triplex-forming domains (i.e., 4 cytosines + 6 thymines)
but differing in the content of O°-MeGs in the hairpin duplex
domain (0, 1, and 2). The idea underlying the molecular
design of the triplex nanoswitches is that the methyl group at
the guanine O° position should affect the formation of the
Hoogsteen hydrogen bond with the cytosine on the single-
strand DNA (Figure 1a), thus influencing the pH-dependent
triplex folding/unfolding behaviour of the nanoswitch. The
nanoswitches are also labelled with a pH-insensitive FRET

i b : ;
2 b Triplex switch 10 5

Research Articles

pair to follow pH-dependent folding/unfolding (Figure 1b).
To demonstrate the effect of O°MeG on the triplex
formation, we have first tested the pH-dependent folding/
unfolding behaviour of our three nanoswitches by measuring
the fluorescence signal of our FRET pair at a fixed concen-
tration of the nanoswitch and different pH values. As
expected, our control triplex nanoswitch (Triplex switch,
Figure 1b, top) that lacks any O°-MeG in its sequence, shows
signals that are consistent with the formation of a folded
triplex at acidic pH (pH 5.0) and suggest the unfolding of the
triplex structure at basic pH values (pH 8.5). The pH of semi-
protonation (here defined as pK,, the average pK, due to
several interacting protonation sites) for this triplex nano-
switch is 7.5 (Figure 1c,d top, and S1). The presence of one
0°MeG (1-Me Triplex switch, Figure 1b, center) in the
hairpin duplex (at position 7) strongly destabilizes triplex
formation; as a result, we observe at pH 5.0 a FRET signal
that is consistent with a partially unfolded triplex structure
and we obtain a pK, of 7.0 (Figures 1c,d center, and S1).
Finally, the nanoswitch containing two O°-MeG (2-Me Triplex
switch, at position 4 and 7, Figure 1b, bottom) is even more
destabilized and the pH titration curve with this switch does
not reach a plateau at lower pH values suggesting a pK, lower
than 6.0 (Figures1c,d bottom, and S1). The formation of
a folded triplex structure of the Triplex switch was confirmed
by melting and urea denaturation experiments performed at
different pHs (Figures S2,

S3). Also, CD spectra of

“d) the three nanoswitches fur-
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Figure 1. Folding-upon-repair DNA nanoswitches. a) DNA parallel triplets formed between two cytosines and
one guanine and involving Watson-Crick (three hydrogen bonds) and Hoogsteen interactions (two hydrogen
bonds) require the protonation of the N* of cytosine in the third strand (top, left) and thus are only stable at
acidic pH values (average pK, of protonated cytosines in C-G:C triplet is ~6.5). Because it affects Hoogsteen
base pairing efficiency, methylation of the guanine in the O%position destabilizes the triplex conformation.

b) Programmable DNA-based triplex nanoswitches designed to form an intramolecular triplex structure with 0
(Triplex), 1 (1-Me Triplex) or 2 (2-Me Triplex) O%MeG in the sequence. c) Fluorescence spectra were obtained
for each nanoswitch at pH 5.0 and pH 8.5. d) pH-titration curves of the triplex nanoswitches. Triplex-to-duplex
transition is monitored through a pH-insensitive FRET pair at the 3"-end (Cy5) and internally located (Cy3).
The pH titration experiments were performed at 25 °C, [nanoswitch] =50 nM by measuring the fluorescence
signal at different pH values in 50 mM Na,HPO,, 150 mM NaCl buffer. Spectra were obtained by excitation at

530(£5) nm and acquisition between 545 and 700 nm (£10) nm.
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tion 7 (creating the 1-Me
Triplex switch), and at both
positions 4 and 7 (2-Me
Triplex switch). The ob-
tained trajectories encom-
passed >4.5pus of sam-
pling, including multiple
replicas and providing solid
statistics for the analysis of
the DNA triplex structural
changes. We focused on the

www.angewandte.org

These are not the final page numbers

Angewandte

intemationalEdition’y Chemie

111
(AR


http://www.angewandte.org

(] ]]]
KRR

d)  Triplex Switch

Research Articles

1-Me Triplex Switch

C-G:C

71‘;‘_ A;?VT;S 5 G,:C" 0°-MeG, : C*,,

T ATy 50,12 £0.12

C17_ Gi"Cas ) @

T AT, ’:0.0S 20.08

T A Tw 2004 004

Ci G;+Cy, = 0 = 0

CzT Gé"C:1 [<} [}

T AT a 0 60 120 & 0 60 120
227 M7 1a0 : o 2 =

T@ng Open_lng( ) Opening (°)

b) Opening (°)

G, g =T, »
- Triplex Switch
Q.30

()
—

SRS 5
\é\' i
¢ Ny

1-Me Triplex Switch

0f-MegG, : C*,,

2-Me Triplex Switch
0°-MeG, : C*,,

|

g 0.08

2

= 0.04

e}

S o

& 0 60 120
Opening (°)

s

<hO >

R

2-Me Triplex Switch
0O%-MegG, : C*,;

3
20 (1
10] o ‘

o

o

Angewandte

intemationaldition’y) Chemie

tional = 1.5 ps long simula-
tions of the Triplex switch
in the deprotonated form
(Figure S12), further sup-
porting the notion that
methylation strongly desta-
bilizes the formation of the
triplet. Finally, to achieve
more meaningful structural
information on the triplex
destabilization induced by
the methylation, we ob-
tained free energy profiles
that can be associated with
the increase of the distance
between the two fluoro-
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Figure 2. Molecular dynamics simulations of triplex nanoswitches. a) Structure (left) and schematic representa-
tion (right) of the Triplex switch with numeration of DNA nucleotides. Graphical representation of b) opening
angle and c) distance parameters for the G,:C*5; pair. d) Opening angle distribution for the Triplex switch (left),
1-Me Triplex switch (center), and 2-Me Triplex switch (right). Below each graph, side-view snapshots of the
analysed base pairs are reported. The opening distribution for 1Me- and 2Me- Triplex switches are shown in
grey. The distribution of the non-methylated Triplex switch (black) is also reported in each graph as

a comparison. e) Distance parameter for the G;:C*;5 Hoogsteen interaction for the Triplex switch, 1-Me Triplex
switch, and 2-Me Triplex switch. In each graph, a top-view snapshot of the triplet most probable configuration
is shown. The distance distribution for TMe- and 2Me- triplex switches is shown in grey. The distribution of the
non-methylated Triplex switch (black) is also shown in each graph as a comparison.

C,7-G7:C*55 triplet, as this triplet share the methylated
guanine in both the 1-Me and 2-Me Triplex switches. Our
analysis took into consideration two parameters: 1) the base-
pair opening angle, which describes the in-plane opening
between G;:C'35 paired Hoogsteen-forming bases, as defined
by Lu and Olson!! (Figure 2b; see Tables S1-S4 for all DNA
base-pair parameters); 2) the distance between the centers of
mass of the atoms of the G,:C*;; Hoogsteen-forming bases at
the interface with each other (Figure 2¢).

The narrow distributions of both the opening and distance
parameters for the C,,-G;:C*;5 triplet in the Triplex switch
(with an average value of 73° and 0.45 nm, respectively)
correspond to a well-defined triplex structure (Figure 2d,e,
left and Table S1). Conversely, in the case of the 1-Me and 2-
Me Triplex switches, distributions of both parameters are
broader and have multiple maxima, showing that the same
triplet adopts multiple conformational states (Figure 2d,e,
center, right). Remarkably, in case of 1-Me and 2-Me Triplex
switches the distance distribution shifts towards higher values.
This clearly shows that the O°methylation of guanine
hampers the efficient interaction with the Hoogsteen pairing
cytosine, leading to a local unwinding of the triplex (see
representative structures, Figure 2d, and highlights on Fig-
ure 2e, center, right and Figures S5-8). Similar shifts and
broadening of opening and distance distributions were also
observed in the case of C,-G4:C*3, triplet in 2Me-Triplex
switch, whereas in the case of 1Me-Triplex switch, these
distributions were virtually the same as in case of non-
methylated Triplex switch (Figures S9-11). Although at a low-
er extent, we also observed the broadening of the opening and
distance distributions for the C,;-G;:C"5, triplet during addi-
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expected, under protonat-
ed conditions the control
Triplex is the most stable,
followed by the 1-Me Tri-
plex and then by the 2-Me
Triplex (Figure S13). These
results provide an atomic-
level understanding of the
triplex stability, indicating
that the efficient Hoogs-
teen base pairing is critical
for the triplex formation and both cytosine deprotonation at
high pH and guanine methylation should reduce the propen-
sity of DNA hairpin to adopt triplex conformation.

Because the methyl group at the guanine O° position
prevents the efficient formation of Hoogsteen interactions
with the respective cytosine in the triplex-forming domain,
the O°-MeG-containing triplex nanoswitches characterized
above could be used as suitable probes for the monitoring of
methyltransferase activity. The enzymatic removal of the
methyl group of O°-MeG in the nanoswitches would restore
the optimal conditions for Hoogsteen interactions and triplex
formation by the nanoswitch. To achieve this goal, we initially
performed an indirect assay using a fluorescein derivative of
O’-benzyl-guanine (O%-BG)*1%323] (Figure 3a) to demon-
strate that O°-MeG-containing triplex nanoswitches are
suitable substrates for methyltransferase enzymes (Fig-
ure 3b). We first demonstrated that no interaction occurs
between the nanoswitch and the fluorescent-labelled sub-
strate in the absence of the protein. As expected, visible
separated bands for both the O°-BG fluorescent derivative
and the three DNA nanoswitches tested can be observed
(Figure S14). It is worth noting that the nanoswitch containing
two O°-MeGs (2-Me Triplex) shows a slightly, but significant,
higher mobility (marked by an asterisk in Figure 3¢) com-
pared to the single-methylated triplex (1-Me Triplex) and the
non-methylated triplex (Triplex) (Figure S14). Although
speculative, a possible explanation of the different migration
of the 2-Me Triplex could be that this oligonucleotide adopts
a partial folding in denaturing conditions. We have pre-
incubated the methyltransferase enzymes with our nano-
switches and then added an equimolar amount of the O°-BG

Angew. Chem. Int. Ed. 2021, 6o, 2—9
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Figure 3. Characterization of triplex nanoswitches as suitable sub-
strates of methyltransferase enzymes. a) Suicide reaction of an AGT
enzyme with a fluorescein derivative of O%BG. b) The alkyl transfer
suicide reaction between the enzyme and a DNA methylated triplex
hampers the covalent bond between the enzyme and the fluorescein
group. c) SDS-PAGE images of reactions in which different enzymes
(i.e. AMGMT, SsOGT, E. coli Ada-C, SSOGT-H®) after pre-incubation
with the DNA nanoswitches and then reacted with the O%BG
fluorescent derivative. The enzymes that have reacted with the
fluorescein derivative appear as green bands on the gel. The absence
of any fluorescent bands indicates that the enzyme has not reacted
with the fluorescent substrate. Fluorescence-labelled triplex nano-
switches appear as red bands. The asterisk shows the higher mobility
of the 2-Me Triplex nanoswitch compared to the other Triplex switches
(see also Figure S14). The experiments were performed by pre-incubat-
ing for 60 min the different AGT enzymes with the relevant triplex
nanoswitches and then adding the O%-BG fluorescent derivative.
Samples were then loaded on 15% acrylamide SDS-PAGE. Gels
underwent Coomassie staining for the determination and correction of
the protein amount loaded.

fluorescent derivative that interacts with the free enzymes in
the solution (Figure 3b). In the case of hAMGMT, a fluorescent
protein band was observed in the presence of the non-
methylated Triplex, suggesting that no repair reaction on this
DNA occurred (Figure 3¢). On the contrary, 1-Me Triplex
nanoswitch and 2-Me Triplex nanoswitch, showed a complete
absence of the fluorescent band (Figure 3¢). This is likely due
to the suicidal nature of methyltransferase enzymes,” as the
methyl group is irreversibly transferred to the enzyme, which
is no longer available for the O°-BG fluorescent derivative,
thus demonstrating that methylated nanoswitches are effec-
tive substrates for hMGMT. The same results were further
confirmed using the thermostable Saccharolobus solfataricus
homologue (SsOGT), an enzyme responsible for the direct
repair of O%alkylguanine in double-stranded DNA at high
temperatures!*!%3%! and the Escherichia coli homologue
(Ada-C), which is reported to be insensitive to O°-BG
derivatives.!'!8! In the latter case, the absence of the enzyme
fluorescent bands despite being correctly loaded as confirmed
by the Coomassie staining analysis (Figure 3¢, E. coli Ada-c),
and the similar migration of all the triplexes, confirm that the
DNA-repair occurred. The methylated DNA triplex nano-
switches are also highly specific as they showed no enzymatic
activity when incubated with a mutant of SSOGT (SsOGT-H")

Angew. Chem. Int. Ed. 2021, 6o, 2—9
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that was previously reported to be catalytically active on O°-
BG derivatives, but unable to bind and react with ds-
DNA'[4432—35]

Prompted by the results described above, we tested
whether the methyltransferase repair activity on our nano-
switches could result in a conformational switch, and a con-
sequent measurable FRET signal change, providing a means
of direct detection of enzymatic activity (Figure 4a,b).
Initially, we focused on the detection of the activity of
hMGMT; as expected, no significant difference in the FRET
signal of the control nanoswitch (non-methylated Triplex)
before (1.9+0.1) and after (2.1 £0.1) hMGMT incubation
can be observed (Figure 4c, left). Under the experimental
conditions used, both the fluorescence spectra suggest that
the non-methylated triplex switch is completely folded (at
pH 5.0). The same experiment carried out using the methy-
lated triplex nanoswitches shows, instead, a strong difference
in FRET signals before and after hMGMT incubation (Fig-
ure 4c, center, right). For both nanoswitches, the FRET
signals observed before hMGMT incubation confirm a parti-
ally unfolded configuration (1-Me Triplex, 0.6+0.1, 2-Me
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Figure 4. Detection of methyltransferase activity with triplex nano-
switches. a) Methyltransferase enzymatic activity on DNA methylated
nanoswitches leads to folding-upon-repair of the triplex DNA structure.
b) Enzymatic activity detection can be achieved by monitoring folding/
unfolding of the Triplex nanoswitch by fluorescence FRET signaling.

c) Spectra and d) relative FRET signals obtained with the Triplex
nanoswitches before and after incubation with 5 uM (0.1 pgpulL™)
hMGMT. e) Relative FRET signals observed at different h(MGMT
concentrations for 1-Me and 2-Me Triplex nanoswitches. f) Relative
FRET signals with different methyltransferase enzymes. Spectra were
obtained by excitation at 530(% 5) nm and acquisition between 545
and 700 nm (£10) nm. Relative FRET signals were obtained by first
incubating the DNA nanoswitches (0.5 uM) in the absence or presence
of AGTs (0.1 pgpuL™) in 10 pL solution of 50 mM Na,HPO, buffer,

150 mM NaCl, pH 7.5 at 30°C for 60 minutes. The reaction mixtures
were then diluted to 100 pL using 50 mM Na,HPO, buffer, 250 mM
NaCl at pH 5.0, and heat-inactivated for 2 minutes at 70°C before
performing the fluorescence spectra at 25°C.
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Triplex, 0.6 £ 0.1, Figure 4d). Upon hMGMT incubation, the
enzymatic demethylation of O°MeG in the triplex nano-
switches restores their ability to form a triplex structure. This
is particularly clear for 2-Me triplex nanoswitch that shows
a FRET signal (1.9+0.1) after hMGMT incubation that is
within the error of the control non-methylated nanoswitch
(2.1+0.1) (Figure 4d). Of note, the folding dynamics of these
switches are extremely rapid (Kpoging and Kypfolding = 10 s 'and
257!, respectively)®® and thus the rate-determining step in
these measurements is given by the enzyme-catalyzed reac-
tion. We found out that with hMGMT a saturation of signal is
observed after 15 minutes of enzymatic reaction (Figure S15).
Both methylated triplex nanoswitches show a change in the
relative FRET values that are linearly dependent on the
concentration of hMGMT in the range between 0.5 and 5 uM
(R%me triples =099, R?| e miipiex = 0.95) (Figure 4¢). Similar
experiments were also performed with other methyltransfer-
ase enzymes, both methylated triplex nanoswitches upon
incubation with SsOGT and E. coli Ada-C enzymes gave
FRET signal changes consistent with triplex folding suggest-
ing efficient enzymatic activity (Figure 4 f). The same experi-
ment performed with SSOGT-H® (a DNA repair defective
mutant, but catalytically active) produced no effect on the
FRET signal of both nanoswitches (Figure 4 f) once again
confirming the specificity of the folding-upon-repair mecha-
nism. To demonstrate the possibility of using this platform in
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Figure 5. Detection of methyltransferase inhibitors. a) Pre-incubation
of the enzyme with an inhibitor (here O%-BG) leads to irreversible
inhibition of the enzyme that is thus not able to demethylate the DNA
nanoswitch. b) Spectra obtained with the 2-Me Triplex nanoswitch in
the presence of h(MGMT (5 uM) before and after incubation with the
inhibitor O%BG (5 uM). c) % Inhibition plot obtained at different
concentrations of O%BG inhibitor. d) % Inhibition obtained with the 2-
Me Triplex nanoswitch with an equimolar concentration of different
enzymatic inhibitors and hMGMT (5 uM). Spectra were obtained by
excitation at 530(£5) nm and acquisition between 545 and 700 nm-
(£10) nm. Relative FRET signals were obtained by enzymatic incuba-
tion of 5 uM hMGMT and inhibitor at 30°C for 60 minutes in 10 pL
solution of 50 mM Na,HPO, buffer, 150 mM NaCl at pH 7.5. 2-Me
Triplex nanoswitch (0.5 M) was then added to the reaction mixtures
and incubated for another 60 min at 30°C. The reaction mixtures were
diluted to 100 pL using 50 mM Na,HPO, buffer, 250 mM NaCl at

pH 5.0, and heat-inactivated for 2 minutes at 70°C before performing
the fluorescence spectra at 25°C.
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more complex media, we have also performed the measure-
ment of the enzymatic activity of hAMGMT in 10 % serum and
observed FRET signal changes well distinguishable from the
control experiment in absence of enzyme (Figure S16).

To demonstrate the utility of our platform for the study
and characterization of new hMGMT inhibitors as possible
drug candidates,*” we used our nanoswitches to measure the
activity of the human enzyme in the presence of inhibitors,
inactivators, or pseudo-substrates. The addition of an
hMGMT inhibitor in the reaction mixture should prevent
the enzyme from repairing the methylated DNA, and no
significant change of the nanoswitch FRET signal should be
observed (Figure 5a). We initially tested O°BG, a widely
characterized methyltransferase inactivator.’>*! The relative
FRET signal of the nanoswitch incubated with hMGMT and
O°-BG (Figure 5b, grey line) is, at 0.8+ 0.1, similar to the
values observed in the absence of enzyme (Figure Sb, black
line) an effect consistent with the inactivation of hMGMT
activity by O°-BG. The measured inactivation, as expected,
follows a concentration-dependent behaviour with a mea-
sured ICs,=3.5+2 uM (Figure Sc). Moreover, our platform
is able to measure the inactivation efficiency of different
molecules including 4-azido-N-(4-(hydroxymethyl) benzyl)
butanamide (BGN3), (N-(4-(((2-amino-9H-purin-6-yl)oxy)-
methyl)benzyl)-4-azidobutanamide = (BGSN), Lomegua-
trib,**4!1 0%-Benzylguanine (O°-BG),*”! demonstrating once
again its versatility (Figure 5d).

Conclusion

Here, we have designed folding-upon-repair DNA nano-
switches containing O°-MeG nucleobases that undergo a con-
formational switch from a duplex to a triplex conformation
upon enzymatic demethylation. We have first demonstrated
that the presence of a methyl group at the guanine O° position
in the duplex portion of the nanoswitch strongly affects the
triplex formation. Molecular simulations were used to deter-
mine how the O%methylation of guanine bases prevents the
efficient formation of Hoogsteen interactions with the
cytosine in the triplex-forming domain, resulting in a local
unwinding of the triplex structure. Such methylated triplex-
based nanoswitches are versatile tools for the direct mea-
surement of methyltransferase activity as they form the
natural enzymatic substrate duplex conformation when
methylated and, upon enzymatic demethylation, they can
fold into a measurable triplex structure. We showed that the
methylated nanoswitches were efficiently recognized by these
enzymes leading to measurable FRET signal changes upon
repair activity. Finally, we have also measured hMGMT
activity in the presence of several enzyme inactivators,
demonstrating the possibility of using in a high-throughput
system our nanoswitches for the screening of novel potential
inactivators/pseudo-substrates/inhibitors of hAMGMT.F"!

Our folding-upon-repair DNA nanoswitches are reagent-
less, highly specific, and versatile. These features make our
proposed approach convenient and easy to perform. Al-
though the current experimental protocol requires a change
in the pH of the solution after the enzymatic reaction making

Angew. Chem. Int. Ed. 2021, 6o, 2—9
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it less amenable to automatization, we believe that the
principle we have described together with the ease with which
these probes are designed make the approach suitable to
develop a suite of activity-based DNA nanoswitches for other
DNA repair enzymes.
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ABSTRACT

Alkylguanine-DNA-alkyltransferases (AGTs) have a natural role in the protection of DNA
from mutations caused by alkylating agents. Their peculiar irreversible self-alkylation
reaction led to the development as new tools in the modern biotechnology. SNAP-tag® is a
powerful enzyme for the specific labelling of protein/enzymes by using benzyl-guanine
(BG) derivatives as substrates. This technology has some limitations, as the mesophilic
nature of the tag (an engineered variant of the human enzyme) and the needs of purify
each substrate. Recently, the SNAP-tag® technology was successfully implemented by the
employment of thermostable “SNAP-tag-like” variants from (hyper)thermophilic sources,
and by the utilization of BG-substrates containing an azide group to be combined with
DBCO-derivatives by azide-alkyne Huisgen cycloaddition. The introduction of these new
actors on the scene made possible the expansion of the methodology to in vivo and in
vitro harsh reaction conditions, as well as the utilization of more chemical groups in the
overall reaction enzyme labelling.

KEYWORDS
Protein-tag; protein labelling, enzymatic reaction; click-chemistry; biotechnology.

1. THE SNAP-tag® TECHNOLOGY

Self-labelling protein-tags (SLP), as the Halotag®'?, the SpyTag/SpyCatcher’, the SNAP-
and the CLIP-tag® are gradually replacing auto-fluorescent proteins’ (AFPs) in modern
biotechnology, especially in the field of cell biology for the in vivo localization of proteins,
organelles and membranes. Despite AFPs, SLPs catalyse an auto-labelling reaction, by a
covalent, highly specific and irreversible attachment of a moiety of their synthetic ligands.
The conjugation to those ligands to a huge numbers of available chemical groups
(fluorescent dyes, affinity molecules, or solid surfaces), led to the enormous success of
these tags in various application fields*. The Promega Halotag® is a halo-alkane de-
halogenase with a genetically modified active site, which reacts irreversibly with primary
alkyl-halides. The SpyTag/SpyCatcher system is a method to irreversibly conjugate two
different recombinant proteins: the 13-mer SpyTag peptide spontaneously reacts with the
small protein SpyCatcher (12.3 kDa) to form an intermolecular isopeptide bond between
the pair’. By genetically introducing each component into two distinct protein of interest
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(POI), the obtained fusion proteins can be covalently linked each other through the
SpyTag/SpyCatcher system, when mixed in a reaction.

SNAP-tag® from New England Biolabs (NEB) originates from a laboratory engineering of
the human O°methyl-guanine-DNA-methyltransferase (hMGMT). It belongs to the
alkylated DNA-alkyl-transferases family (AGTs, MGMTs or OGTs, E.C. 2.1.1.63),
evolutionary conserved proteins present in most organisms (except |n plants and some
microorganisms, as Thermus thermophilus and Saccharomices pombe®), and involved in
the direct repair of the DNA aIkyIatlon damage. The activity of these enzymes is the
removal of alkyl adducts from the O%-position on guanine nucleobases’®. The peculiar
irreversible single-step mechanism led to their definition as “suicide enzymes”, since the
alkylated group on the guanine is directly transferred to the catalytic cysteine in the protein
active site”, repairing the DNA. Upon reaction, the alkylated enzyme is not longer active
because permanently inactivated and susceptible to in vivo degradation via proteasome.

Some AGTs, as the hMGMT, display low substrate specificity, being able to eff|C|entI3/
recognise also bulky adducts on the O°position of the guanine nucleobase'
Furthermore, it was know that O%-benzyl-guanine (BG) is a potent inactivator of hMGMT11
From this knowledge, prof. Kai Johnsson and co. engineered a DNA binding-less variant
of hMGMT, by adopting a directed-evolution approach: its suicidal reaction was exploited
for the introduction of a new protagonist in biotechnology, the SNAP-tag®. Given the
irreversibility transfer of the reaction, they successfully obtained a covalent labelling of the
enzyme with molecules, as fluorophores, previously conjugated to the 4-position of the BG
benzyl ring. The small dimension of SNAP-tag® opened the possibility to introduce an

inr11(91v2a1tive methodology for the indirect labelling of POls genetically fused to it (Figure
1)10.12-15,

H
SNAP-tag® SNAP-tag® 0
N .
' + i1y
Se/w S <N l N/)\NH
(o] H 2
20 J 4
</]\' | \Nr)' e guanine
Y 1\1/)\)112

benzyl-guanine (BG)
derivative

Figure 1. The SNAP—tag® irreversible enzymatic reaction. This tag is able to covalently link a desired
chemical group (indicated as C) to a protein of interest (POI) avoiding its direct labelling, sometimes risky for
the maintenance of the biological activity.

Although most of applications are in cell biology and fluorescence-imaging fields, to date
there are in literature several examples of utilization of this tag, as RNA- edltlng16 the
development of SNAP-based biosensors for small molecules'”™® and ions®®“', and
fascinating “DNA Origami” protein-DNA structures?®. In general, the possibility to
synthesise BG-substrates through a crosslinking reaction between “BG-building blocks”
(as amine reactive BG-NH;) with NHS-ester derivative compounds, make this technique
more desirable than the conventional protein-tags.

Later, SNAP-tag® was further englneered to obtain its orthogonal enzyme, the CLIP-tag®,
which specifically reacts with O?*-benzyl-cytosine derlvatlves thus expanding that
technology for in vivo and in vitro multi-protein Iabelllng



103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153

2. IMPROVING THE TECHNOLOGY

SNAP-tag® is a powerful tool widely applicable to every need; however, its technology
has some limitations, in terms of the enzyme and of the relative BG-derivative substrates.
In the former case, this engineered version of hMGMT is suitable only for mesophilic
model organisms and mild reaction conditions. On the other side, apart from commercially
available BG-derivatives, the synthesis of ad hoc substrates has the disadvantage of
tedious and complex purifications, increasing times and costs. Furthermore, the
conjugation to the benzyl moiety of the BG of chemical groups is not without any risk for
the efficiency of the SNAP-tag® reaction®*®. Recently, the group of Dr. Perugino focused
its attention on these two aspects, aim to improving this technology.

2.1 Acting on the enzyme

In recent decades, the study of proteins and enzymes from thermophilic and
hyperthermophilic sources has had a notable development, especially for all those
(industrial) applications requiring non-moderate reaction conditions. The main reason for
their success lies not only in their intrinsic stability and resistance to heat, but also to other
physical and chemical denaturants. Therefore, to overcome the limitations of the
mesophilic SNAP-tag®, it was necessary to identify an AGT from (hyper)thermophilic
sources.

In 1999, Imanaka and co. shed light on the thermostability of the AGT from the
hyperthermophilic Euryarchaeota Pyrococcus kodakaraensis (Pk-MGMT)?: by the 3D
structure and by the comparison with the E. coli homologous (AdaC) they observed that
intra-helix ion-pairs mainly contribute to reinforce stability. However, from this interesting
“‘thermozyme” no application was made. Later, Dr. Kanugula and Prof. Pegg cloned and
purified AGTs from two extremely thermophilic organisms, the bacterium Aquifex aeolicus
and the archaeon Archaeoglobus fulgidus®. These enzymes, although resulted active by
using a radioactive assay, were insoluble and recovered in the inclusion bodies: this
hampered the successive utilization as protein-tag for “biotech” applications.

In the last decade, a putative AGT (ORF SS02487) from the thermo-acidophilic
archaeon Saccharolobus solfataricus (previously Sulfolobus solfataricus) (SsOGT) was
cloned and widely characterised by the group of Perugino®*2. By using a new fluorescent
assay with a fluorescein BG-derivative (SNAP-Vista® Green from NEB), this enzyme
displayed a similar catalytic efficiency of h(MGMT at its own temperature optimum (80 °C).
Furthermore, it displays a marked stability over a wide range of temperature, pH, ionic
strength and to common denaturing agents* (Table 1). By following the same approach of
Prof. Johnsson, SsOGT was used as starting material for the development of a “thermo-
SNAP-tag”: SSOGT-H’ (hereinafter H°) is an in silico engineered variant, by hitting five
residues in the helix-turn-helix motif (S100A, R102A, G105K, M106T, K110E) making the
enzyme completely unable to bind DNA (Figure 2). A sixth mutation falls on the active site
loop, a region involved in the substrate recognition and specificity: the replace of a
conserved serine with a glutammic acid was demonstrated in the SNAP-tag® to enhance
the catalytic activity towards the BG-substrates’®. H°> maintained the same behaviours of
the wt counterpart in terms of stability, but unexpectedly showed a very high catalytic
activity also at moderate temperatures®>® (Table 1). The intrinsic stability of thermostable
AGTs allowed their purification after the irreversible reaction, and the subsequent
crystallization in the alkylated form®'. A 3D structure of H° covalently linked to a bulky
molecule was achieved, showing for the first time a strong destabilization of the active site
loop>* (Figure 2). H° is rightly compatible for the biotechnology in thermophilic organisms,
as demonstrated for its utilization as protein-tag in in vivo experiments in Thermus
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thermophilus® and Sulfolobus islandicus®. Recently, it was a convenient enzyme reporter
in in vitro expression system using Saccharolobus lysates>®

A SNAP-tag GPG-DC bspL, CEQG Leke T B
SsOGT-H5 —=———=——-—-— KSPL IDDKG CDCV INSRDD———
SNAP-tag APAAVLGGP HQPEAIE EFPVPALHHP -QQES
SSOGT-HS —-——-——-—~ EGKPINL REPINL---- ---— KTY
.............................................. 150 fluorescein —

SNAP-tag [KVVK FGE| IAGNP A GN PVPILIPC
SsOGT-H5 MKIP WGK] G—-TA EN PILLIIPC
SNAP-tag QGDLDVGG YEGG [EGHRLG KR
SsOGT-H5 AENG-IGG YERG [EGVKIP E-

*

/
active site
loop

Figure 2. SNAP- tag vs H°. (A) Primary structure alignment and (B) 3D structure superimposition of the
human engineered MGMT and the thermostable variant of Saccharolobus homologue. 3D structure of H5
after reaction with SNAP-Vista® Green (PDB ID: 6GAQ0) is in light green, whereas the structure of SNAP- tag
(PDB ID: 3KZY) is in white with hellces and strands shown in red and blue, respectively. Black arrows
indicate the position of mutation in H°.

The will to push the application of the SNAP-tag® technology on the boundaries of
reaction conditions (as at the boiling pomt of water) led to the characterisation of
alternative AGTs: the Pyrococcus fur/osus was originally isolated from hot marine
sediments in Vulcano Island (ltaly)®®. This microorganism began famous mainly for the
DNA polymerase |, also known as PquNA polymerase, for its high activity, thermostability,
and strong 3’-5’ proof—readlng activity®®. An OGT activity in P. furiosus cell extracts was
first measured by Margison, identifying a protein of ca. 22.0 kDa*’. Noteworthy, the
catalytic activity was completely abolished by the O6 BG pseudo-substrate: this behaviour
makes this enzyme appealed for the SNAP- tag -based applications, which use BG-
derivatives. The product of the PF1878 ORF was obtained as recombinant protein
(PfuOGT), confirming its activity on BG-fluorescent substrates, as well as the DNA repair
activity on natural methylated double strand DNA oligonucleotides®. PfuOGT is an
extreme thermostable enzyme (Table 1), although molecular strategies of this resistance
to denaturation are different from the Saccharolobus homologue. The former display a
worse stability in the presence of hl?h ionic strength conditions, probably due to the
extensive ionic networks on its surface®

The CTN1690 ORF from Thermotoga neapolitana shows a clear homology to the AGTs
family: by fluorescent gel imaging anaIyS|s on lyophilized cells, a strong signal Wlth an
expected molecular weight was revealed®”*'. The sensitivity to a fluorescent O° BG
derivative was convincing for the cloning and the heterologous expression in E. coli®
Apart from the activity on artificial substrates, this enzyme (TnOGT7) is able to repalr
methylated DNA and, surprlsm%y it is very active at low temperatures®, in the same order
of magnitude of H° (Table 1)*”. No 3D information on ThOGT are currently available,
stimulating the research to achleve crystal of this protein to identify thermal resistance and
activity strategies, which are clearly different from the SsOGT enzyme, on the basis of the
primary structure alignment.



206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225

226
227
228
229
230
231
232

233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257

SNAP-tag® SsOGT SsOGT-H® TnOGT PfuOGT
mol. weight 23.0 kDa 17.0 kDa 17.0 kDa 19.9 kDa 20.1 kDa
Topt 37.0°C 70.0 °C 70.0 °C -3 90.0 °C

at25°C 80 % 25% 50 % 100 % NDb

at 37 °C 100 % 45 % 65 % -a ND
relative activity  at 50 °C - - - 100 % 1%

at 80 °C - 100 % 100 % -2 10 %

at 90 °C - - - -a 100 %
catalytic activity 2t25°C 2.8 %104 2.8 %10 1.6 x 104 4.7 x 104 ND
(s M) at Tope 5.3 x 104 3.8 x 104 - 1.5 x 105
PHopt 7.6 6.0 6.0 6.5 6.5
thermal stability (hrs) 6.0 (37 °C) 2.8(70°C) 3.0(70°C)
deaiil Sl B Iy EB 1R (Ui ( mﬁj/g :Cc:ycle) s mfs(O: :%ycle) ® mZ]5/8 :E::ycle) - (10 m7lr? f"(gloxcf:ycIE)
thermal stability at 37 °C (hrs) 6.0 > 24 > 24

NaCl <0.25M >4.0M >40M -2 >1.0M
additives EDTA inhibitor >10.0 mM >10.0 mM

sarcosyl no >0.5% >0.5%

DTT required not required not required

SDS no =0.01% =0.01% - >0.01%

Table 1. Biochemical properties of SNAP—tag® and thermostable OGTs. The values are obtained by the
fluorescent-based assay with the SNAP Vista® Green and methylated dsDNA oligonucleotides. °Not
measured for technical limitation of the end-point assay. °Not determined. (from refs 15, 23, 30, 31, 33 and
41).

2.2 Acting on the substrate

The relatively high time and costs for the production and the utilization of commercial or
purified customized BG-derivatives should be overcame by a slight and innovative
modification of the SNAP-tag® technology. The starting assumptions are that AGTs keep
the correct folding in their benzylated form after the enzymatic reaction’®, and the
chemical “click” reaction by the copper-free azide-alkyne Huisgen cycloaddition is
extremely versatile, fast and specific. Hence, a chemo-enzymatic approach (Figure 3) with
a selected azide-based BG-substrate could be possible: if the azide group is efficiently
exposed outside the protein surface, it should allow the reaction with a di-benzo-cyclo-
octyl (DBCO)-based molecule. To date, BG-N3 and BG-DBCO derivatives were already
used as building block for the synthesis of BG-based molecules****, but the group of
Perugino for the first time used a BG-azide directly with the SNAP-tag® and the H°
variant*.

The reasons of this choice lie on the fact that DBCO-based molecules are more
commercially available and affordable compounds than BG-derivatives. Furthermore, the
need of purifying every BG-substrate is completely avoided, because only that of BG-azide
substrate would take place. Finally, the presence of bulky chemical groups conjugated to
the benzyl moiety sometime affect the catalytic efficiency of these protein-tags***°,
whereas a selected azide-substrate could bypass this problem.

Perugino and his group used a BG-derivative in which the azide group is opportunely
distanced by the benzyl moiety of the molecule**. This spacer pushes away the azide from
the active site better that the well-known BG-N3 derivative*?: this was also confirmed by
molecular simulation, by determining the Solvent Accessible Surface Area (SASA) data
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with both BG-azide substrates**. The SNAP-tag® previously incubated with the azide-
substrate was efficiently prone (“clickable”) to the subsequent labelling with several DBCO-
based fluorophores and with alkyne-coated surface sensors for its direct immobilization**
The high specificity of both the reactions was verified in the presence of in wtro
“perturbing” proteins (like in cell lysates) and the in vivo labelling of expressed SNAP-tag®
in eukaryotic and prokaryotic cells*. In the latter case, both the cell types resulted very
permeable to the BG-azide substrate used In conclusion, Perugino’s group experimentally
demonstrated that splitting the SNAP-tag® reaction into two fast steps does not affect the
overall rate and efficiency of the protein labelling>>® (Figure 3). This new approach could
open new perspectives and widening the applications of this powerful biotechnology.

H*

SNAP-tag® ; SNAP-tag® o
1. enzymatic + /N NH
e’ o™ (fast) e < |
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< ]
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azide-based
benzyl-guanine (BG)

2. chemical
(very fast)
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chemical Ig p

%
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Figure 3. The chemo-enzymatic approach by using a universal azide-based BG substrate for the SNAP-tag
labelling.

SNAP -tag®

®

3. THE INNOVATIVE ASL"®9 SYSTEM

Enzyme immobilization on solid supports sometimes requires harsh operational
conditions*®. By definition, an immobilized enzyme is a “physically confined biocatalyst,
which retains its catalytic activity and can be used repeatedly”’. The catalysts’ recovery
and reuse, as well as the physical separation of the enzymes from the reaction mixture are
some advantages of protein immobilisation. Actually, dlfferent |mmob|I|sat|on approaches
are available, from physical adsorption to covalent coupling ***'. However, most of the
immobilization protocols need of purified biocatalysts, and the ‘random” interaction
between the enzyme and the solid support could suffer of the steric hindrance and the
correct orientation of the former, increasing of costs and time for the production processes.

The introduction of the N-terminal domain of the ice nucleation protein (INPN) from
Pseudomonas syringae®*>® allowed a “cell-based” in vivo immobilisation system,
significantly improving and reducing time and costs of the process. Recently, this widely
used display strategy on the external surface of Gram" bacteria cells was used in
combination with the H®> enzyme, to produce a novel anchoring and self-labelling protein
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tag (ASL™), as shown in Figure 4°*. INPN immobilises a protein or an enzyme of interest
on E. coli outer membrane, allowing its exposition to the solvent and its correct orientation
for biological activities. This transmembrane domain overcomes the problems related to
the purification, the immobilization and the recovery of biocatalysts®®. The H®> moiety, on
the other side, because catalyses the covalent labelling with any desired chemical groups
(opportunely conjugated to the benzyl-guanine)®, offers the possibility to modulate the
enzyme activity, by introducing activator or inhibitor molecules (Figure 4).

_---» fluorescent probes

P » POl inhibitors / activators

~
~
Seea

(PRRRIRRRE2S » bifunctional spacers

(R
ASLtag — /%5} -

~
Rt S

Figure 4. The ASL™ system. This protein-tag allows the in vivo POls immobilization on the bacterial Gram"
outer membrane (OM) by the INPN domain, and at the same time the possibility to combine their biological
activities with desired chemical groups (C) by the covalent labelling operated by the H® enzyme.

The ASL™ system was successfully employed for the expression and immobilization of
two thermostable enzymes, the carbonic anhydrase from Sulfurihydrogenibium
yellowstonense (SspCA), and the tetrameric p-glycosyl hydrolase from Saccharolobus
solfataricus (Sspgly). Moreover, the presence of this tag does not interfere with their
folding and catalytic activity®, but makes SspCA more stable to thermal denaturation,
respect to the same enzyme fused only to the INPN®>°®. This aspect represents a clear
advantage in pushing beyond reactions in bioreactors and in the reutilization of
biocatalysts.

This innovative protein-tag is particularly useful for the in vivo immobilization and the
contemporary labelling of proteins and/or enzymes of interest, stabilizing them without any
purification procedures needed.

4. CONCLUSION AND PERSPECTIVES

The knowledge acquired in recent years on AGTs and their use in modern
biotechnologies allows the development of a “workflow” aim to optimize this protein-tag for
different needs (Figure 5). In the case of model organisms thriving in extreme conditions
of temperature, salinity, pressure, etc., in which the commercial SNAP-tag® is not
particularly suitable, it would be possible to imagine an identification of a relative AGT and,
through mutagenesis, obtain a “SNAP-tag-like” tool (Figure 2). This strategy has to
necessarily take into account the fact that this identified AGT should be sensitive to O°-BG

7
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derivatives: some members of this family, such as E. coli AdaC, are resistant to the action
of 06-BG®"*®. In parallel, it is possible to perform an ogt gene deletion in the model
organism, in order to eliminate any endogenous activity. This workflow was successfully
realised in thermophilic microorganisms, as the archaeon S. islandicus® and in the
bacterium T. thermophilus. In the latter case, it was not necessary to eliminate the ogt

gene, because this organism lacks of i

23,

model organism
of interest

SNAP-tag® genome
compatible

YES

o
Sl

SDS-PAGE gel-imaging cell assay
by using benzyl-guanine-
fluorescent derivatives

deletion of the

cloning, heterologous expression
and bi i izati
endogenous ogt gene

use of available
SNAP-tag-like enzymes

of the new OGT

l

SNAP-tag-like
rotein engins

gl
(abolition of DNA-bindi ctivif

[ use of commercial } [model organism-tailored)

SNAP-tag® SNAP-tag technology

Figure 5. The SNAP-tag® workflow.
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