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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  (H5) 
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 OGTs from 
Thermotoga neapolitana and Pyrococcus furiosus, which, respectively, display a higher catalytic activity and thermostability 
respect to  H5, proposing them as alternatives for in vivo studies in these extreme model organisms.
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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  O2) affect the formation of the internal 
natural fluorophore (Ashby et al. 2004; Campbell and Choy 
2000).
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Recently, studies on O6-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 O6-alkylguanine or an O4-alkyl-
thymine) and, by a one-step reaction mechanism (via  SN2 
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 O6-benzyl-guanine (O6-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 O6-BG 
(Keppler et al. 2003, 2004; Gautier et al. 2008) (Fig. 1b). 
Furthermore, the commercially available fluorescent O6-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  H5), which resulted in a strong “thermostable 
SNAP-tag®”.  H5 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 β-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,  H5 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  (ASLtag) (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  H5). 
Surprisingly, the presence of the thermostable  H5 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 α-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. 

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®. c 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

◂
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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 
5000× (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 DH5α cells (NZY5α 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  His6-tag (MAHHHHHHTG-), similar 
to that at the N-terminal of the SsOGT protein (Perugino 

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-β-d-
galactopyranoside (IPTG), when an absorbance value of 
0.5–0.6 A600 nm 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 60,000×g 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 13,000×g 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  His6-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 × 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.

Table 1  List of oligonucleotides used in this study

Name Sequence Notes

Lig5-PfuOGT 5′-TCA GCA AGG GCT GAGG CCA TGG TAT TGG AAG TTA GG-3′ Nco I site underlined
Lig3-PfuOGT 5′-CCT CAG CGG AAG CTG AGG TTA GCT TGT CCA TCC TTC C-3′
Lig5-TnOGT 5′-TCA GCA AGG GCT CAGG CCA TGG GAG ATC GA-3′ Nco I site underlined
Lig3-TnOGT 5′-CCT CAG CGG AAG CTG AGG TTA TCG ACT ACC TCGC-3′
NZY-His fwd2 5′-catgGCA CAC CAT CAC CAT CAC CAT ACGGG-3′ Inserting an  His6-tag (MAHHHHHHTG-; under-

lined) upstream the PfuOGT and TnOGT sequenceNZY-His rev2 5′-catgCCC GTA TGG TGA TGG TGA TGG TGT GC-3′
Fwdm4 5′-ggcMgtaggcctagcatgacaatctgcattggtgatcacgg-3′ From Perugino et al. (2015); M = O6-methyl-guanine
Rev4 5′-ccgtgatcaccaatgcagattgtcatgctaggcctaccgcc-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 μM 
of protein (ca. 0.1 mg/mL) was incubated with 10.0 μM of 
BG-FL in Fluo Buffer 1 × (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 × (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  IC50 calculation

Competitive assay using the fluorescent substrate in the pres-
ence of double strands (ds) oligonucleotides pairs  (Fwdm4: 
Rev4; Table 1), containing a single O6-methyl-guanine, was 
performed as described (Perugino et al. 2015) to determine 
the half maximal inhibitory concentration  (IC50), 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 μM) of ds-Fwdm4 and keeping constant the 
BG-FL concentration (5.0 μM) were performed for 10 min 
at 50.0 °C. Corrected data of fluorescence intensity were 
fitted with the  IC50 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 μM of enzyme 
(ca. 0.5 mg/mL) in PBS 1× buffer and SYPRO Orange dye 
1× were subjected to a scan of 70 cycles at temperatures 
from 25.0 to 94.0 °C for 10 min/°C × 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 (Tm 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  (H2) by [FeFe] hydrogenases with yield close 
to the theoretical Thauer limit of four moles of  H2 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 
 H2 production under  CO2 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 
O6-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  IC50 value 
similar to that obtained with the S. solfataricus enzyme, 
thus confirming a role in DNA repair of this thermophilic 
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protein, hereinafter properly named TnOGT (Table 2; 
Perugino et al. 2015). Surprisingly, the enzyme from T. 
neapolitana displayed a very high activity at low tempera-
tures (Table 3), similar to that shown by the SsOGT-H5 
mutant (Perugino et al. 2012; Vettone et al. 2016). This 

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  H5 mutant by replacing the conserved S132 with 
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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 O6-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 ://zhang lab.ccmb.med.
umich .edu/I-TASSE R/) and the 3D structure of the free 
form of SsOGT (PDB ID: 4ZYE) revealed the presence of 
the conserved serine in TnOGT (Fig. 2b): evidently, other 
residues in the active site contribute to the exceptional 
catalytic activity of this enzyme.  

On the other hand, TnOGT 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. S1a). 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 
O6‑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 

Fig. 2  The OGT from Thermotoga neapolitana. a Lyophilized T. 
neapolitana cells grown in the presence of  CO2, were resuspended 
in PBS 1× buffer and BG-FL 5.0 μM 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 TnOGT. 
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)

◂

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 O6-methylated-guanine (as inhibitor; see Table 1)

a Performed at 65 °C

IC50 (μM) Notes

SsOGT 1.01 ± 0.08 From Perug-
ino et al. 
(2015)

TnOGT 0.53 ± 0.13 This study
PfuOGT 0.88 ± 0.10a This study

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

ND not determined

T (°C) K (s−1 M−1) Notes

SsOGT 25 2.80 × 103 From Perugino et al. (2012)
50 1.50 × 104 This study
70 5.33 × 104 From Perugino et al. (2012)
80 ND This study

TnOGT 25 4.65 × 104 This study
50 2.19 × 104 This study
70 ND This study
80 ND This study

PfuOGT 25 ND This study
50 1.80 × 103 This study
70 2.30 × 103 This study
80 1.20 × 104 This study
90 1.50 × 105 This study

https://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://zhanglab.ccmb.med.umich.edu/I-TASSER/


88 Extremophiles (2020) 24:81–91

1 3

(Skorvaga et  al. 1998). Furthermore, this activity was 
completely abolished by the treatment with the O6-benzyl-
guanine (O6-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: 1MGT) emerges that a lot of intra-helix ion-pairs 
contribute to reinforce stability of α-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  IC50 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 

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 × cycle (Perugino et al. 2015; Vettone et al. 2016) 
instead of the classical 1 min/°C × cycle (Niesen et al. 2007). 
Due to its very high thermal stability, a further increase of 
the time (10 min/°C × 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 
Tm value of SsOGT drops by approx. 13.0 °C (67.9 ± 1.1; 
Table  4), whereas PfuOGT displayed a Tm 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 
Tm value. Nevertheless, SsOGT is more sensitive to the SDS, 

Unconserved 0 1 2 3 4 5 6 7 8 9 10 Conserved

. . . . . . . . . 10 . . . . . . . . . 20 . . . . . . . . . 30 . . . . . . . . . 40 . . . . . . . . . 50
_P_kodarakaensi-MLSVEKFRV GERVVWIGVI F SGRVQGIAF AFDRGTLMK- -RIHDLAEHL
_P_furiosus_PF1MILEVRKFQ V KNKAVYIGTL SEDKIFGIIF SIDEPEVIRH RIPTLINFLE
Consistency 05*4*4**5* 2465*4**47 243681**3* 64*4136560 0 111072111

. . . . . . . . . 60 . . . . . . . . . 70 . . . . . . . . . 80 . . . . . . . . . 90 . . . . . . . . . 100
_P_kodarakaensi GKRGVSISLD VQPSDYPEKV F KVLIGELDN ASFLRELSFE GVTPFEKKVY
_P_furiosus_PF1KRLNKKLEIK EGNSGFSDVV F KTLIGKISN EEAAEFIEVS YLTKFERKLY
Consistency 2624247473 221*36362* **4***574* 3423417434 06*3**6*6*

. . . . . . . . . 110 . . . . . . . . . 120 . . . . . . . . . 130 . . . . . . . . . 140 . . . . . . . . . 150
_P_kodarakaensi EWLTKNVKRG SVITYGDLAK ALNTSPRAVG GAMK R N P Y P I VV P C H R V V A H
_P_furiosus_PF1 IYLVENVKRG EVITYGELAK ILNTSSRAVG AAVK R N P Y P I I V P C H R V I G R
Consistency 14*45***** 4*****6*** 3****3**** 4*5* * * * * * * 8 * * * * * * 8 4 3

. . . . . . . . . 160 . . . . . . . . . 170 . . . . . . .
_P_kodarakaensiDGIGYYSSGI EEKKFLLEIE GVKEWTS
_P_furiosus_PF1 KNPYLYTPKP EYKKFLLEVE GWTS---
Consistency 34103*5321 *2******8* *034000

Nter domain 

Cter domain 

connecting loop

HTH motif

PfOGT model 

TkMGMT
(PDB ID: 1MGT) 

Fig. 3  Primary structure alignment and superimposition between the PfuOGT and the OGT from T. kodakarensis (Tk-MGMT; PDB ID: 1MGT). 
Conservation of residues and protein domains are coloured on the basis of the respective legends
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showing a collapsed Tm 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 O6-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-H5 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 T. 
neapolitana and P. furiosus, to analyze in vivo the functions 
of proteins and enzymes of interest in these model systems.
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