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Summary 
Il DNA, l'unità di base dell'ereditarietà, è costantemente soggetto a 

modificazioni covalenti da parte di composti chimici che inducono 

cambiamenti molecolari come la formazione di legami covalenti tra 

i due filamenti del DNA, la loro rottura, la perdita o la modifica delle 

basi. Tra le sostanze chimiche più deleterie per il DNA ci sono gli 

agenti alchilanti, molecole molto reattive che legano gruppi chimici 

negli acidi nucleici, provocando alterazioni nelle loro funzioni. Gli 

agenti alchilanti esogeni sono prodotti principalmente da 

componenti alimentari, tabacco, fumo di sigaretta, combustione di 

biomasse, processi industriali e per molti anni, sono stati impiegati 

anche come agenti chemioterapici. La loro azione consiste 

nell’introdurre, generalmente, gruppi metilici o etilici su tutti gli 

atomi di ossigeno e azoto disponibili sulle basi del DNA, 

producendo diversi tipi di lesioni . La maggior parte dei dati a 

disposizione indica che, tra tutte le modifiche possibili, soltanto le 

N3-alchil-adenine e le O6-alchil-guanine hanno conseguenze 

sull’integrità dell’informazione genetica. In particolare, l’O6-metil-

guanina si appaia erroneamente con la timina, e il suo mancato 

riparo porta alla mutazione per la transizione GC→AT del DNA 

durante il processo replicativo (figura 2). A tale scopo, l’evoluzione 

ha selezionato un enzima capace di riparare direttamente questo 

tipo di danno: l’O6-alchilguanina-DNA-alchiltransferasi (AGT, OGT, 

MGMT). Questa proteina catalizza la riparazione del DNA dal 

danno da alchilazione con un meccanismo one-step, che coinvolge 

il trasferimento irreversibile del gruppo alchilico dall’O6-alchil-

guanina a un residuo conservato di cisteina nel sito attivo. La 

proteina alchilata è riconosciuta non più funzionante dai sistemi di 

degradazione cellulari e per tale motivo, le AGT sono definite 

proteine suicide o kamikaze (figura 3). L’ AGT più studiata in 

letteratura è quella umana (MGMT), perché la sua inaspettata 

over-espressione in alcuni tipi di neoplasie, porta alla resistenza al 

trattamento chemioterapico a base di agenti alchilanti. Poiché 

l’attività e la variabilità dell’espressione delle AGT contrasta 

l’azione degli agenti alchilanti, questo progetto si propone di 

mettere a punto delle metodologie innovative, specifiche per 

l’analisi qualitativa e quantitativa del DNA danneggiato e quindi 

identificare il contenuto di basi azotate O6-alchil-guanina (O6-AG) 

in campioni di DNA provenienti da diverse fonti. In questo progetto 
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per raggiungere tale scopo, sono stati utilizzati due diversi 

approcci: il primo basato sulla produzione di chimere termostabili e 

il secondo sull'uso di oligonucleotidi opportunamente modificati 

(figura 9).  
 
La chimera è composte da due frazioni: la prima è costituita 

dall'AGT che in presenza di DNA alchilato, rimuove la modifica 

alchilandosi irreversibilmente e di conseguenza non potrà piu 

reagire con un substrato fluorescente (BG-FL) presente nella 

miscela di saggio. Ciò comporterà la riduzione del segnale di 

fluorescenza in modo direttamente proporzionale alla quantità di 
mDNA nel campione e con una linea di calibrazione appropriata 

(costruita con quantità note di mDNA), è possibile determinare il 

grado di alchilazione del DNA. L'altra parte della chimera è 

l'Halotag®, un aloalcano-deidrogenasi commerciale, modificata per 

legarsi covalentemente a un cloro-alcano che, legato a un 

supporto, permette l’immobilizzazione diretta e specifica della 

chimera. Va sottolineato che il collo di bottiglia di questo saggio è 

la necessità di eseguire la reazione a temperature moderatamente 

elevate (circa 60 ° C),in modo da eliminare le attività delle AGT 

endogene ancora presenti nei campioni di DNA. Per questi motivi, 

le chimere sono state opportunamente ingegnerizzate per essere 

tanto attive quanto stabili a queste temperature (Figura 10). 

 
Per le motivazioni sopra descritte, mi sono occupata della ricerca e 

caratterizzazione di AGT termostabili alternativie alla OGT 

proveniente dal Saccharolobus solfataricus, concentrando la mia 

attenzione sul OGT di Pyrococcus furiosus e del Batterio Gram-

negativo Thermotoga neapolitana. Dalla caratterizzazione dell'AGT 

di Thermotoga neapolitana ho dimostrato che è completamente 

attiva sul substrato commerciale della benzil-guanina fluoresceina 

(SNAP-Vista Green®; BG-VG), mostrando un forte segnale 

fluorescente; ha un IC50 simile a quella ottenuta con l'enzima S. 

solfataricus, confermando così un'attività riparatrice. ; [Perugino et 

al., 2012; Vettone et al., 2016]) (figura 12), è molto attiva a basse 

temperature ostacolando la determinazione delle costanti del 

secondo ordine a temperature superiori a 50 ° C, poiché la sua 

velocità di reazione va oltre i limiti tecnici del saggio (tabella 1 e 2). 

L’unico importante svantaggio della proteina TnOGT è la 

degradazione durante la conservazione a -20°C e di conseguenza 

non è possibile utilizzarla per gli step successivi del progetto 
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(figura 13). Tuttavia, l'analisi eseguita sull'OGT proveniente da P. 

furiosus ha mostrato che, come previsto, questo enzima possiede 

una stabilità eccezionale ma una termofilia altrettanto eccezionale, 

essendo meno attivo di SsOGT sopra i 60 ° C. Per questi motivi 

anche questa proteina non puo essere utilizzata per la costruzione 

della chimera. Di conseguenza si è scelto di utilizzare per la 

costruzione delle chimere la SsOGT. 

 

Per permette l’immobilizzazione diretta e specifica della chimera 

ad un supporto, ed eseguire il nuovo saggio è necessario ottenere 

una variante termostabile dell'Halotag. Questo aspetto del progetto 

è stato svolto presso il Dipartimento di Biologia Molecolare 

dell'Università Autonoma di Madrid (Spagna) in collaborazione con 

il gruppo del Dr. Aurelio Hidalgo. Durante la mia attività di ricerca in 

Spagna, ho clonato e ottimizzato l'espressione della proteina 

Halotag utilizzando il metodo definito come folding interference 

principle ,che prevede l'uso di una variante termostabile della 

kanamicina nucleotidil transferasi (Kat) [Matsumura et al., 1985] .In 

questo metodo, Kat è fuso al Cterm della proteina di interesse e la 

fusione risultante è espressa nel batterio termofilo Thermus 

thermophilus HB27, uno dei microrganismi più importanti utilizzati 

per applicazioni biotecnologiche, perché ha la capacità di crescere 

in condizioni di laboratorio ed in termini di trasformazione è 

estremamente naturalmente competente (figura 14). Ho ottenuto 

mutanti più resistenti alla denaturazione termica della porzione di 

halotag costruendo librerie di mutanti halotag mediante 

mutagenesi casuale e di conseguenza ho selezionato alcune 

varianti termostabili dell'halotag (figura 15). 

 

Poiché l'obiettivo finale nello sviluppo della chimera è che l'attività 

e la stabilità di ogni enzima (OGT e Halotag) non siano influenzate 

dalla presenza dell'altro, ho prodotto due diverse versioni: OGT-

Halo (chimera 1) e Halo -OGT (chimera 2). 

Purtroppo per quanto riguarda la chimera 1 non ho ottenuto una 

quantità sufficiente di proteina per consentire una completa 

caratterizzazione biochimica e sono in corso una serie di tentativi 

per potenziare e ottimizzare l'espressione di questa chimera. 

Invece la chimera  Halo-OGT (circa 52 kDa) reagisce con i 

rispettivi substrati (HalotagTMR e SNAP-Vista green) e la sua 

efficienza, è paragonabile alle forme libere (circa 20 e 33 kDa 

rispettivamente).Questi risultati suggeriscono che SsOGT, anche 
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quando posizionato all'estremità C-term di una proteina, può 

essere etichettato in modo specifico ed efficiente con il suo 

substrato (BG-VG). Ho valutato anche l'attività catalitica della Halo-

OGT su entrambi i substrati. E anche in questo caso la chimera 

risulta essere attiva  mostrando una notevole capacità di eseguire 

la reazione a temperature molto basse come la forma libera 

dell’halotag (figura 16). L'attività OGT della chimera è stata 

misurata a 25 ° C e 60 ° C, risultando molto vicina alla SsOGT 

[Perugino et al., 2012,2015; Mattossovich et al 2020]. Di 

conseguenza la chimera può essere utilizzata a temperature di 50-

60 ° C, come prevede lo scopo del progetto. 

Inoltre la porzione OGT della chimera in presenza mDNA ha un 

attività di riparo come enzima SsOGT [Perugino et al., 2015], 

confermando così un ruolo nella riparazione del DNA di questa 

proteina chimerica. L’ultima fase del progetto prevedeva high-

throughput basato sulla chimera che non è stato possibile mettere 

a punto a causa della Pandemia.  

 

 

La metil-transferasi umana (MGMT) protegge le cellule tumorali 

dall'effetto citotossico della chemioterapia a base di agenti 

alchilanti (figura 6). Per questi motivi, questo enzima è di 

fondamentale importanza clinica e lo sviluppo di inattivatori / 

inibitori di hMGMT da utilizzare in combinazione con questo tipo di 

chemioterapia è in continua evoluzione. Dato la forte rilevanza 

clinica, parte di questo progetto è stato investito per ottenere un 

test in grado di misurare l'attività della metil-transferasi in modo 

affidabile e rapido. Per la valutazione dell'attività metil-

transferasica, in collaborazione con il Prof.Ricci dell'Università di 

Roma Tor Vergata, è stato progettato un DNA Triplex a singolo 

filamento, in grado di formare una struttura triplex intramolecolare 

tramite legami idrogeno (Interazioni Hoogsteen) tra un dominio a 

forcina (duplex) e un altro singolo filamento .Sono stati sintetizzati 

tre triplex che differiscono per la presenza o meno dei grupp metili 

in posizione O6 nel dominio duplex a forcina (0, 1 e 2). I 

nanoswitch T,T1M,T2M sono anche marcati con una coppia FRET 

(Cy3 e Cy5) .La presenza di anche un solo gruppo metile mina 

fortemente la formazione del triplex e di conseguenza, si osserva 

un segnale FRET che è coerente con una struttura triplex che non 

presenta gruppi metilici (controllo). Questi primi risultati hanno 

dimostrato la potenzialità di utilizzare questi nanoswitch triplex 
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come substrato adatto per il monitoraggio dell'attività 

metiltransferasica degli AGT (figura 19). Infatti, la rimozione 

enzimatica del gruppo metilico di O6-MG nei nanoswitch 

ristabilirebbe le condizioni ottimali per le interazioni di Hoogsteen e 

la formazione del triplex da parte del nanoswitch. Ciò è stato 

ottenuto con una serie di esperimenti. Utilizzando un derivato della 

fluoresceina di O6-benzil-guanina (BG-VG) ho confermato che 

T1M e T2M sono substrati naturali delle AGT. Per prima cosa, ho 

dimostrato che non si verifica alcuna interazione aspecifica tra il 

nanoswitch e il BG-VG in assenza della proteina. In seguito 

diverse AGT sono state pre-incubati con T, T1M e T2M e in 

seguito è stato aggiunto una quantità equimolare di BG-VG, che 

avrebbe dovuto reagire con gli enzimi liberi nella soluzione. Infatti 

nel caso di MGMT, è stata osservata una banda proteica 

fluorescente in presenza di T, indicando che l’enzima ha reagito 

con il BG-VG dimostrando che non si è verificata reazione di 

riparazione dato che questo oligonucleotide di DNA non presenta 

alcun metile. Al contrario, la reazione con il T1M e il T2M ha 

mostrato una completa assenza della banda fluorescente e sta 

indicare che l’MGMT ha rimosso gruppo metilico mediante la sua 

reazione irreversibile e di conseguenza per sua natura non è più 

disponibile per il BG-VG fluorescente, dimostrando così che i 

nanoswitch metilati sono substrati efficaci per MGMT (figura 20b). 

Gli stessi risultati sono stati ulteriormente confermati utilizzando 

l'enzima SsOGT e, principalmente, l'omologo di E. coli (Ada-C). In 

quest'ultimo caso, è degno di nota indicare che Ada-C è 

completamente insensibile ai derivati O6-BG, ostacolando 

qualsiasi analisi indiretta fluorescente con questo tipo di substrati. 

Infatti, l'assenza di bande fluorescenti, nonostante il corretto 

caricamento confermato dalla colorazione con coomassie, ha 

dimostrato la sua totale insensibilità a BG-VG. Quindi questi 

innovativi triplex di DNA potrebbero essere proposti come substrati 

di AGT universali. 

I nanoswitch triplex del DNA metilato sono anche altamente 

specifici in quanto non hanno mostrato attività enzimatica quando 

incubati con H5, che in precedenza era stato segnalato come 

cataliticamente attivo sui derivati O6-BG, ma incapaci di legarsi e 

reagire con il DNA a doppio filamento (figura 20b).È stato quindi 

testato se l'attività di riparazione della AGT sui nostri nanoswitch 

potesse comportare uno switch conformazionale e un conseguente 

cambiamento misurabile nel segnale FRET (figura 21). L'MGMT 
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rimuove enzimaticamente il gruppo metile nella posizione O6 negli 

nanoswitch triplex e ripristina la loro capacità di formare una 

struttura triplex chiusa. Per dimostrare la possibilità di utilizzare 

questa piattaforma in terreni più complessi, abbiamo anche 

eseguito la misurazione dell'attività enzimatica di hMGMT nel 10% 

di siero e abbiamo osservato cambiamenti del segnale FRET ben 

distinguibili dall'esperimento di controllo in assenza di enzima. 

Questo approccio innovativo, quindi potrebbe essere utile per la 

determinazione del contenuto di mDNA, nonché per lo studio e la 

caratterizzazione di nuovi inibitori di MGMT come possibili farmaci 

candidati. In questo caso, questi nanoswitch sono stati testati per 

misurare l'attività dell'enzima umano in presenza di inibitori, 

inattivatori o pseudo-substrati (figura 22) . La forza di questo 

innovativo substrato è che fornisce un dosaggio diretto e in tempo 

reale; veloce, che consente di misurare l'attività AGT in pochi 

minuti. 

 Questi risultati potrebbero essere un punto di partenza per 

progettare razionalmente altri nanoswitch di DNA e essere utilizzati 

come strumenti di applicazione nella misurazione e determinazione 

di un'ampia gamma di enzimi coinvolti in altre attività di riparazione 

del DNA.  
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Abstract 
Cellular DNA is constantly subjected to covalent modifications by 

intracellular chemical compounds and coming from the external 

environment. The most dangerous types of molecular changes 

include the formation of covalent bonds between the strands of the 

DNA , or their breakage, and the loss or the bases’ modification . 

Among these, alkylating agents are very reactive molecules that 

bind chemical groups in nucleic acids, causing alterations in their 

functions. The presence of alkylating agents in industrial waste, as 

well as in combustion and food products, is one of the main 

problems for the environment. The determination and the measure 

of damaged DNA is really important for: the identification and/or 

the optimization of DNA protective molecules against the action of 

alkylating agents ,in cosmetic and pharmaceutical productions ;the 

assessment of environmental pollution; the analysis of the quality 

of production, packaging and storage of food. Among the DNA 

modifications by alkylating agents, the most mutagenic adduct 

introduced into DNA by methylating agents is the O6-MG. This 

modification alters during DNA replication with thymine leading to 

the GC → AT transition, which could be fixed in the genome. The 

strategy used by nature to repair alkylation damage is the direct 

transfer of these alkyl groups to the active site of the O6-

alkylguanine-DNA alkyl-transferase(AGTs).AGTs are highly 

interesting not only for investigating critical biological processes, 

such as DNA repair, but also for the development of new and 

simple, intuitive and inexpensive assays to optimize inhibitory 

molecules of therapeutic and environmental interest. The aim of 

this project is the development of innovative analytical methods for 

the determination of the O6-alkyl-guanine nucleobases (O6-AGs) 

content in DNA samples from different sources, locations and cell 

treatments (mDNA). In general, this project proposes an innovative, 

rapid and reproducible method to identify particular DNA damages. 

The goal was pursued through two different approaches, the first 

based on the employing of particular enzymes that, unlike the 

complex repair mechanisms, are able to repair DNA with a single 

irreversible; and the second on the use of suitably modified 

oligonucleotides. The bottleneck of this assay is the need to 

perform the reaction at moderately high temperatures (ca. 60 °C), 

which avoids any endogenous AGTs’ activities still present in DNA 

samples. 
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Abbreviations 
6-4 PPs pyrimidone dimers of (6-4) pyrimidines 

AAF   acetylated derivative N-acetyl 2 aminofluorene 

AF   2 amino-fluorene 

AGT  O6-alkylguanine-DNA-alkyl-transferases 

BER   base excision repair 

BG-F   fluorescent substrate 

c-PAHs  polycyclic aromatic hydrocarbons 

C-Term  C terminal domain 

cPDs   cyclo-butane pyrimidines 

ds mDNA  double stranded alkylated DNA oligonucleotide 

EMS   ethyl methane sulfonate 

epPCR  error prone PCR 

ETC   electron transport chain  

FRET   Forster Resonance Energy transfer 

GFP   green fluorescent protein 

HTH   helix -turn-DNA binding motif 

IR   ionizing radiation 
mDNA   methylated DNA 

MGMT  human AGT 

MMR   misalignment repair 

MMS   methyl methane sulfonate 

MNNG  N-methyl-N’-nitro-N-nitrosoguanidine 

MNU   methyl-nitroso-urea 

N-Term  N terminal domain 

NER   nucleotide excision repair 

O6-BG  O6-benzyl-guanine 

O6-BGT  O6-[4-bromothenyl]-guanine 

O6-MG  O6-methyl-guanine 

O6AG   O6-alkyl-guanine 

OH   reactive hydroxyl radical 

PAH    polycyclic aromatic hydrocarbon 

ROS   reactive oxygen species 

scFV-SNAP  anti-body fragments 

SPR   surface plasmon resonance 

ssDNA  single strand DNA 

T   triplex  

T1M   triplex with one O6MG 

T2M   triplex with two O6MG 

TBA   thrombin DNA aptamer 

TMZ   Temozolomide 
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Outiline of the thesis 
 
The overall aim of the present Thesis project is the development of 

innovative analytical methods for the determination of the O6-alkyl-

guanine nucleobases (O6-AGs) content in DNA samples from 

different sources(water,environmental),locations(cosmetic industry) 

and cell treatments (chemotherapy).  

Following these Chapter 1 and 2 comprising a general introduction 

to the experimental part and the general purposes of thesis, 

Chapters 3 - 4 will report a detailed experimental characterization 

of analytical methods based on thermostable chimeras  and a 

production of a new AGT substrate based on a particular DNA 

structures (DNA Triplex). 

 A summary of the main chapters is reported below: 

 

•Chapter 3 describes the Construction, development and 

characterization of a thermostable chimera for the rapid 

determination of O6-AGs in a high- throughput assay.  

 

• Chapter 4 describes the design and characterization of a single-

stranded DNA oligonucleotide-based DNA Triplex for the 

evaluation for the evaluation of of methyltransferase activity (AGT).   
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General Introduction 
 
Pollution and environmental safety and health 

Epidemiological studies conducted in metropolitan areas have 

consistently shown that pollution is one of the most serious global 

problems for public health and environmental safety. Respirable 

environmental particulate matter of aerodynamic diameter <10 µm 

(PM10) comprises a complex mixture consisting in a large number 

of chemicals, many of which are toxic, including carcinogenic 

polycyclic aromatic hydrocarbons (c-PAHs) and inhalable particles, 

such as nitrogen oxides, hydrocarbons and carbon monoxide from 

vehicle exhausts. PM10 can be higher along roads and can cause 

DNA damage to exposed organisms [Pope et al., 1995; Risom et 

al., 2005]. Many diseases caused by DNA mutations have recently 

been recognized as being related to toxic substances in the air 

where air pollution is severe. DNA damage research focuses 

primarily on the influence of specific pollutants on certain species 

or the effect of environmental pollution on humans. 

Water pollution has also a strong impact on environmental safety 

and health, leading to the lack of safe drinking water for millions of 

people, the transmission of various diseases and thousands of 

deaths every day around the world [McDonald et al., 2011]. In 

addition to natural phenomena, anthropogenic contaminants are 

the main sources of water pollution [Leeuwen et al., 2000]. Every 

year, millions of tons of industrial and residential hazardous waste, 

including heavy metal ions, alkylating agents, anions, pesticides, 

and so on, are discharged into the environment, resulting in a wide 

range of contaminated water areas as a result of bioaccumulation 

in organisms of living species through the food chain. Therefore, 

continuous monitoring and management of water and 

environmental resources are necessary to maintain human health 

and environmental safety [Leeuwen et al., 2000]. 

 
Genomic stability and DNA damages 

Genomic stability is one of fundamental points for survival 

organism and for the continuity and transmission of genetic 

heritage. If mutagenesis contributes to cancer, some human 

diseases and aging, on the other side it plays an extremely 

important role in the evolution and diversity of the genomic 
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sequence [Lindahl, 1993; Friedberg, 2003]. DNA, the basic unit of 

heredity, is known to be an intrinsically reactive molecule and is 

highly vulnerable to chemical modifications by endogenous and 

exogenous agents (Figure 2). Most endogenous DNA mutations 

result from errors of the replicative machinery, whereas damages 

are from spontaneous base deamination, a-basic sites, and DNA 

methylation. Hydrolytic and oxidative reactions with water and 

reactive oxygen species (ROS), typical by-products of the electron 

transport chain (ETC) during cellular respiration in aerobic 

organisms, are also derived from catabolic oxidases, anabolic 

processes and peroxisomal metabolism. The latter feed the 

development of hereditary diseases and sporadic tumours [Visconti 

and Grieco, 2009; Reuter et al., 2010; Perrone et al., 2016]. 

However, most DNA damage exogenous results from: 

• Ionizing radiation (IR) (alpha, beta, gamma, neutrons and X-

rays), is abundant in our environment, being developed from 

different sources ranging from rocks, soil, and radon, to cosmic 

radiation and medical devices. Ionizing radiation can damage 

the DNA either directly, or by indirect means, such as by 

radiolysis of the surrounding water to generate a cluster of 

highly reactive hydroxyl radicals (•OH) [Friedberg et al., 2005; 

Omar et al., 2015]. The presence of oxygen and other reactive 

species increases the formation of other DNA-reactive free 

radicals by IR [Wardman, 2009] and indirect DNA damage from 

(•OH) radicals accounts to about 65 % of the radiation-induced 

DNA damage [Vignard et al., 2013]. Apart from causing base 

lesions, ionizing radiation also causes double strand break, 

formed from multiple damaged sites closely positioned on both 

DNA strands [Hutchinson, 1985; Iliakis, 1991] and single strand 

breaks with a unique signature, where the DNA breaks have 3′ 

phosphate or 3′-phosphoglycolate ends rather than 3′-OH 

ends. [Henner et al., 1982; 1983; Obe et al., 1992]. 

• UV radiation is the principal cause of skin cancer in humans 

[Davies, 1995; Kiefer, 2007]. It is classified into three classes 

based on the wavelength range: UV-C (190–290 nm), UV-B 

(290–320 nm) and UV-A (320–400 nm). DNA absorbs the 

maximum UV radiation at 260 nm, beyond which photo 

absorption decreases dramatically. The effects of UV rays on 

matter extend in two ways: if the UV is absorbable, the 

molecules present in the matter are excited leading to their 



 14 

photochemical alteration; if not, the transfer of energy from 

nearby molecules, called photosensitizers, indirectly affects 

matter. UV rays damage DNA both ways. Several studies have 

shown that UV-C damages DNA primarily by causing covalent 

bonds between two adjacent pyrimidines, leading to 

photoproducts, such as cyclo-butane pyrimidines (CPDs) and 

pyrimidone dimers of (6-4)pyrimidines ((6-4) PPs). These bulky 

dimers distort the helix, requiring TLS polymerase for 

replication beyond them, thus contributing to mutagenicity. If 

these lesions are not repaired or bypassed, they cause 

cytotoxicity. Other the exogenous chemical agents cause 

dangerous damage to DNA, as aromatic amines, Polycyclic 

aromatic hydrocarbon (PAH), environmental stresses and 

alkylating agents, on which we will focus our attention. 

 

Aromatic amines 

Aromatic amines are primarily developed from cigarette smoke, 

fuel, coal, industrial dyes, pesticides and everyday high 

temperature cooking [Sugimura, 1986; Skipper et al., 2010]. These 

compounds are activated by the P450 monooxygenase system and 

converted into the carcinogenic (ester and sulfate) alkylating 

agents, that, in turn, attack the C8 position of guanine [Hammons et 

al., 1997; Naegeli, 1997]. Examples of aromatic amines are 2-

amino-fluorene (AF) and its acetylated derivative N-acetyl-2-amino-

fluorene (AAF). C8-guanine lesions formed from amino-fluorenes 

are known to form persistent lesions that ultimately give rise to 

base substitutions and frameshift mutations [Mah et al., 1989; 

Heflich and Neft, 1994; Shibutani et al., 2001]. The C8-guanine 

lesion can adopt two conformations on the DNA [Eckel and Krugh, 

1994 a,b]: in the external conformation, it disturbs to Watson-Crick 

base pairing; in internal, the C8-guanine lesion and its partner 

cytosine are displaced into the minor groove, completely altering 

the geometry and acting as a very mutagenic substrate on the 

DNA [Kriek, 1992; Eckel and Krugh, 1994a; Eckel and Krugh, 

1994b]. 

 

Enviromental stresses 

DNA damage in human cells can also be caused by 

environmental sources such as extreme heat or cold, hypoxia and 

oxidative stress [Gregory and Milner, 1994; Gafter-Gvili et al., 

2013; Luoto et al., 2013; Neutelings et al., 2013; Kantidze et al., 
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2016]. These stresses cause mutagenesis of trinucleotide repeats, 

which are implicated in the development of neurodegenerative 

disorders [Chatterjee et al., 2015; 2016]. 

Everyday, most biological products have been increasingly 

related to DNA damage. For example, food preservatives, as 

sodium benzoate, potassium benzoate and potassium sorbate; and 

food additives, as citric acid, phosphoric acid, brilliant blue and 

sunset yellow are all known to cause DNA damage [Mamur et al., 

2010; Zengin et al., 2011; Yilmaz et al., 2014; Pandir, 2016]. 

Bisphenol A, found in cosmetics, pharmaceuticals, food and 

beverage processing, are linked to DNA damage in spermatozoa 

[Oishi, 2002; Meeker et al., 2010a; Meeker et al., 2010b; Meeker et 

al., 2011] and have also been associated with DNA damage 

[Kasiotis et al., 2012]. These products, and the related their 

consequences, underline the importance of global regulatory 

requirements on the use of chemicals that place human, animals 

and environment health in danger, as there may still be unknown 

chemicals that pose health risks. 

 

Alkylating agents 

Exogenous alkylating agents are primarily produced from dietary 

components, tobacco and cigarette smoke, biomass burning, 

industrial processing, and for many years employed as 

chemotherapeutic agents [Lawley, 1966; Crutzen and Andreae, 

1990]. The electrophilic alkylating agents react with intensified 

affinity to the highly nucleophilic base ring nitrogens, principally the 

N7 of guanine and N3 of adenine, and moderately with the oxygens. 

Examples of adducted DNA bases include modified adenine (at N1, 

N3, N6 and N7), guanine (at N1, N2, N3, N7 and O6), cytosine (N3, N4 

and O2), thymine (N3, O2 and O4), and alkyl phosphates in the DNA 

backbone [Singer and Kusmierek, 1982; Singer, 1986; Friedberg, 

2005]. Alkylating agents can add the alkyl group by either two 

reactions: 1) an SN1 substitution reaction that progresses via the 

first order kinetics and involves a carbonium ion intermediate; or, 2) 

an SN2 substitution reaction that follows the second order kinetics, 

and in general produces adducts that are less mutagenic and 

carcinogenic than those of the SN1 pathway [Naegeli, 1997], 

although evidence has been presented that some SN1 alkylating 

agents may not proceed via the carbonium ion intermediate 

[Loechler, 1994] (Figure 1). Most common alkylating agents that 

are regularly used in labs, including methyl methane-sulfonate 
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(MMS), ethyl methane-sulfonate (EMS), N-methyl-N′-nitro-N-

nitrosoguanidine (MNNG) and methyl-nitroso-urea (MNU), react 

with DNA to generate mutagenic and carcinogenic lesions. In 

particular, MMS mainly produces the mutagenic N7-methyl-guanine 

and N3-methyl-adenine, both of which are susceptible to cleavage 

of the N-glycosidic bond, thereby generating AP sites, while MNNG 

and MNU produce O6-methyl-guanine (O6-MG), which pairs with T 

and induces G:C→A:T transversions [Loechler et al., 1984; 

Beranek, 1990; Wyatt and Pittman, 2006]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Possible sites of base alkylation. Green arrows indicate most frequent 

alkylation sites; red arrows indicate sites that are most frequently alkylated by 

SN1
 

type mechanisms; yellow arrows indicate alkylated sites by SN2
 

type 

mechanisms.  
 

Other classical examples of alkylating agents are sulfur and the 

nitrogen mustards, first used in World War I, and in many other 

conflicts since including the present-day in Syria. These agents 

follow SN1 reactions, and are bifunctional, in fact they carry two 

reactive groups, instead of one as in monofunctional alkylating 

agents, and consequently have the potential to react with two 

different sites on the DNA. Such bifunctional reactions result in 

DNA intra- and inter-strand crosslinks, and DNA-protein crosslinks, 

which block DNA metabolic activity [Lawley, 1966;]. The properties 

of alkylating agents have been also exploited in chemotherapy 

[DeVita and Chu, 2008], as the cyclophosphamide and the 

Temozolomide (TMZ), used in the treatment of lymphomas, 

leukaemia and solid tumours [Emadi et al., 2009]. Another class of 

most frequent
alkylation sites

alkylation via
SN2-based mechanism

alkylation via
SN1-based mechanism
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chemotherapy crosslinking agents includes cisplatin, the first FDA 

approved platinum compound that is used to treat a wide variety of 

cancers [Kelland, 2007; Dasari and Tchounwou, 2014]. 

 
 

Mechanisms of DNA repair 
There are several approaches that cells evolutionary use to 

survive to various types of lesions. Indeed, they have developed 

complex signalling pathways to halt cell cycle progression in the 

presence of DNA damage, thus increasing the intervention time for 

repair and tolerance mechanisms, although during DNA replication 

and repair the introduction of potentially disadvantageous 

mutations into cells could occur [Zhou et al., 2005]. Furthermore, in 

the presence of a massive genomic damage, cells start to a 

programmed cell death (apoptosis). In higher eukaryotes, there are 

five mains translate synthesis polymerases (TLS) - REV1, POL ζ, 

POL η, POL κ and POL ι - that bypass damages, by allowing 

replication and at same time integrating incorrect bases, that can 

be fixed as mutations in the subsequent replication cycle 

[Chatterjee, 2017]. DNA repair pathways include as a direct repair 

of certain types of lesions (discusses later in more detail), but also 

multi-enzymatic distinct mechanisms for the excision of damaged 

bases, which are called nucleotide excision repair (NER), base 

excision repair (BER) and misalignment repair (MMR) (Figure 2). 

• NER is the pathway of choice to remove massive lesions such 

as PP (pyrimidine pyrimidone photoproducts) from UV radiation 

or damage from chemotherapeutic agents. The NER deficiency 

results in a number of different human syndromes: Xeroderma 

Pigmentosum, which is associated with a predisposition to skin 

cancers; Cockayne Syndrome; rare UV-Sensitive Syndrome; 

and Cerebro-Oculo-Facio-Skeletal syndrome [Friedberg, 2005; 

Vermeulen and Fousteri, 2013]. NER contributes to the 

instability mechanisms in triplet repeat disorders [Lin et al., 

2006; Hubert et al., 2011; Dion, 2014]. The process of NER is 

biochemically complicated and involves up to 30 distinct 

proteins in human cells that function as a large complex called 

reparosome, by excision of nucleotides. This “repair machine” 

facilitates the excision of damaged nucleotides by making 

incisions in the flanking regions and removing a fragment 

approximately 30 nucleotides in length. 



 18 

• Damaged bases that are not recognized by NER machines are 

corrected by BER, whereby the bases are removed from the 

genome as free bases by a different set of repair enzymes. 
BER corrects those forms of oxidative, deamination, alkylation 

and a basic single base damage that are not perceived as 

significant distortions to the DNA helix. For BER transactions, 

chromatin remodelling at the DNA damage site is followed by 

lesion recognition by a DNA glycosylase [Odell et al., 2013]. At 

least 11 different DNA glycosylases can recognize and excise 

a damaged base from undistorted helices, as well as ones 

flipped out from the major groove [Huffman et al., 2005; Krokan 

and Bjoras, 2013]. In conclusion, both NER and BER use by 

somewhat different mechanisms depending on whether the 

DNA damage is located in regions of the genome that are 

active gene expression (transcription-coupled repair) or are 

transcriptionally silent (global genome repair) [Yoshimoto et al., 

2012]. 
• MMR is an evolutionarily conserved repair pathway that 

activates post replication and contributes to replication fidelity 

by at least 100 times [Kunkel, 2009; Arana and Kunkel, 2010]. 

Typical substrates for the MMR pathway are base mismatches 

that occurred during replication and insertion deletion rings 

(IDLs) within repetitive DNA sequences that resulted from 

strand slip events [Friedberg, 2005; Jiricny, 2006]. This 

pathway is also implicated in other cellular processes including 

microsatellite stability, meiotic and mitotic recombination, DNA 

damage signalling, apoptosis, class change recombination, 

somatic hypermutation and triplet expansion [Jiricny, 2006; 

2013; Chatterjee et al., 2017]. Recent studies have shown that 

chromatin modifications pave the way for MMR proteins to 

access DNA lesion and initiate repair [Chatterjee et al., 2017]. 

After the lesion recognition phase, the heterodimer complex 

that actively participates in the process moves along the DNA 

in an ATP-dependent manner to make way for downstream 

MMR components [Jiricny, 2013]. In addition to mismatch 

repair and other cellular functions, mismatch repair genes have 

recently been shown to be repressed in response to 

environmental stresses, such as hypoxia, benzo [a] pyrene, 

inflammation and even tumour microenvironment [Mihaylova et 

al., 2003; Bindra and Glazer, 2007; Nakamura et al., 2008; 
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Edwards et al., 2009; Chen et al., 2013]. It remains to be seen 

whether other exogenous stresses can also suppress the 

expression of MMR genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Schematic representation of the main types of damage and relative 

repair mechanisms. 
 

 

Direct repair and O6-alkyl-guanine-DNA-alkyl-transferase  
 

The irreversible reaction of AGTs 

Direct DNA repair primarily removes lesions made by intracellular 

and extracellular chemical compounds, which can lead to the 

formation of covalent bonds with the DNA bases or backbone 

[Singer et al., 1976]. Alkylating agents for example, as mentioned 

above, are a group of chemical compounds that can cause these 

types of DNA damage. In fact, they include a group of mutagens 

and carcinogens that can modify DNA by alkylation. 

The most mutagenic adduct introduced into DNA by methylating 

agents is the O6-MG. This modification alters during DNA 

replication with thymine leading to the GC → AT transition, which 

could be fixed in the genome [Falnes et al., 2003]. The most 

common strategy used by nature to repair alkylation damage is the 

direct transfer of these alkyl groups to the active site of the O6-

alkylguanine-DNA alkyl-transferases (AGT, OGT or MGMT; E.C. 

2.1.1.63). 
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AGTs are evolutionarily conserved, representing the main cellular 

mechanism responsible for the repair of DNA containing O6-AGs. 

These enzymes show a peculiar reaction mechanism, in which the 

transfer of the alkylic group from the damaged guanine to the 

catalytic cysteine in the active site occurs in an irreversible SN2 

single step mechanism. Upon alkylation, the repaired DNA is 

released, whereas the enzyme is no longer available for the 

subsequent transfer reaction [Pegg, 2011;Mattossovich et al.,2020] 

(Figure 3 and Figure 6, blue path). These proteins are thus called 

“suicide proteins”, showing a 1:1 enzyme : substrate. Finally, their 

inactivation and the consequent destabilization trigger the 

recognition by cell systems and the degradation by the proteasome 

[Srivenugopal et al., 1996, Xu-Welliver et al., 2002] 

AGTs are small enzymes (17-22 kDa) widely present in Bacteria, 

Archaea and Eukaryotes but apparently absent from plants, 

Schizosaccharomyces pombe, Thermus thermophilus and 

Deinococcus radiodurans. The first AGT to be discovered and 

characterized is the Ada protein of E. coli [Olsson et al., 1980], 

followed by the human AGT (MGMT) described by the Pegg Group 

in 1991 [Pegg et al., 1991]. Later, AGTs were characterized by two 

important model organisms such as Drosophila melanogaster 

[Kooistra et al., 1999] and Caenorhabditis elegans [Kanugula et al., 

2001]. Importantly, it has been found in both thermophilic bacteria 

and hyperthermophilic Archaea, such as Aquifex aeolicus and 

Archaeoglobus fulgidus [Kanugula et al., 2003].  

 

 

 

 

 

 

 

 

 

 

 
Figure 3: the irreversible reaction of AGTs. 
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architecture, consisting of two domains separated by a connecting 

loop [Fang et al., 2005]. The N-terminal domain (Nterm), which is 

very different among AGTs, has a role not well defined, likely 

involved in regulation, cooperative binding and stability [Daniel et 

al.,2000; Miggiano et al.,2013; Perugino et al.,2015]. On the 

contrary, the highly conserved C-terminal domain (Cterm; Figure 

4b) contains all the elements responsible of the DNA repair activity: 

i) the helix-turn-helix DNA binding motif (HTH); ii) the Asn hinge, 

which precedes the extremely conserved amino acid sequence -V / 

IPCHRVV / I- containing the catalytic cysteine (except 

Caenorhabditis elegans AGT-2 which has the sequence -PCHP- 

[Kanugula et al.,2001;Serpe et al., 2019]; iii) and the active site 

cycle, responsible for the specificity of the substrate. 

 

Role of MGMT in chemotherapy 

Different living conditions take the action of DNA damage by 

alkylating agents and consequently the presence of AGT in most 

living organisms protects cells to killed by these agents. MGMT 

has a dual role: it protects healthy cells from the genotoxic effects 

of alkylating agents, but, at the same time, it protects cancer cells 

from lethal effect of the alkylating agents based chemotherapics.  

For these reason, MGMT is a target to be inactivated in 

chemotherapy protocols based on these agents [Gerson et 

al.,2004; Sabharwa et al.,2006; Zhong et al.,2010]. Among 

alkylating agents, the active intermediate of TMZ [Tintorè et al., 

2009] interacts with DNA and generates methylated adducts, 

including N7-MG N3-MA and O6-MG. The latter lesion, although 

produced in a low percentage (~ 8%), is generally considered to be 

the most toxic and mutagenic of those produced by methylating 

agents. 

The cytotoxicity is strongly influenced in human cells by the 

enzymatic levels of MGMT: the number of repaired O6-methyl 

adducts depends on the number of MGMT molecules present in 

the cell and the speed of synthesis of the enzyme from scratch. 

When the cell expresses low concentrations of MGMT, O6-MG 

adducts from the action of methylating agents are not repaired and 

the cell starts the apoptosis. Indeed, if methyl adducts in the O6 

position of guanine are not removed from the MGMT, altered 

interactions with cytosine or thymine occur, resulting in activation 

of the MMR. 

 



 22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4: Alignment of biochemically and structurally (in bold) characterized 

AGTs. DNA sequences are catalogued in decreasing order of temperature. The 

histograms in different colours indicates the sequence consensus, and the red 

arrow shows 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 homologue 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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-------MILEVRKFQVKNKAVYIGTLSEDKIFGIIFSIDEPEVIRHRIPTLINFLEKR----------LNKKLEIKEGNSGFSD 68P_furiosus.pro
--------MLSVEKFRVGERVVWIGVIFSGRVQGIAFAFDRG-TLMKRIHDLAEHLGKRG---------VSISLDVQP--SDYPE 65T_kodakaraensis.pro
-------MIIQIEEY-------FIGMIFKG-----N-QLVRN-TIPLRREEIFNFMDGEV---------VSNPEDEHL---KVAE 52M_jannashii.pro
---------------------------MFSVKWG-ELYFN----------VVMEGGKAV-----------KSYFSTYPSFSSSDS 36A_fulgidus.pro
MRDRFFHRSDRSQIYTPFMESSSNEPVIILSGGG-DFFMKDL-----PGNISVRVENGK-----------VVEIKLGSDESNCPP 68T_neapolitana.pro
----------------------MIVYGLYKSPFG-PITVAKN----EKGFVMLDFCDCAE--------------RSSL-DNDYFT 43S_tokodaii.pro
----------------------MLVYGLYKSPLG-YITVAKD----DKGFIMLDFCDCVE--------------GNSR-DDSSFT 43S_solfataricus.pro
-------MSTERRREVISGTSAQIALIILRKITIRGAELQDLP--EERYVKSVYSLKSQTKKTVIPITVLKTALTPSLSLEIFFD 76A_aeolicus.pro
------------------MKNNNIKIQYYKTKIG-ELILGSF----EGNLCILDFRYSKKRTTIDNRIKTGLKANFLEEEDEILA 62F_acidarmanus.pro
-----------------MDKDCEMKRTTLDSPLG-KLELSG----CEQGLHEIKLLGKG---TSAADAVEVPAPAAVLGGPEPLM 60human.pro
----------------------MIHYRTIDSPIG-PLTLAGH----GSVLTNLRMLEQT----------YEPSRTHWTPDPGAFS 48M_tuberculosis.pro
---------MTAKQFRHGGENLAVRYALADCELG-RCLVAES----ERGICAILLGDDD--ATLISELQQMFPAADNAPADLMFQ 69E_coli.pro

+ Majority

VVFKTLIGKISNEEAAEFIEVSYLTK------------FERKL------YIYLVENVK-RGEVITYGELAKILNTS--SRAVGAA 132P_furiosus.pro
KVFKVLIGELDNASFLRELSFEGVTP------------FEKKV------YEWLTKNVK-RGSVITYGDLAKALNTS--PRAVGGA 129T_kodakaraensis.pro
IILKLYFAEIDDKKVRELISYKLEVP------------EFTKK------VLDIVKDIE-FGKTLTYGDIAKKLNTS--PRAVGMA 116M_jannashii.pro
EYARQLERYFSGERVEVRIPYRLKAS------------SFTRR------VLEEVSRIP-YGMVRMYSDIAKALNTS--PRAVGQA 100A_fulgidus.pro
KVKKELEEYFSGKRKEFSFPVEIRGT------------SFQKK------VWEEVRKIP-YGETRTYREIAEKLNTS--PRAVGQA 132T_neapolitana.pro
DFFYKLDLYFEGKKVDLTEPVDFKPFN-----------EFRIR------VFKEVMRIK-WGEVRTYKQVADAVKTS--PRAVGTA 108S_tokodaii.pro
EFFHKLDLYFEGKPINLREPINLKTY------------PFRLS------VFKEVMKIP-WGKVMTYKQIADSLGTS--PRAVGMA 107S_solfataricus.pro
KGKISKISILKKKEQKIIPEFLLYFLKEGDPLINLEYLDLKRINPKCIKVYLKLKEVASFGKIITYGELARLTDLH--PRFVGYC 159A_aeolicus.pro
ETKKQVAEYLDGNRKEFDIPLLMVGT------------DFQKN------VWNALLKIP-YGTTITYLQLAKNIGNAKAVRAVANA 128F_acidarmanus.pro
QCTAWLNAYFHQPEAIEEFPVPALHHP-----------VFQQESFTRQVLWKLLKVVK-FGEVISYQQLAALAGNPKAARAVGGA 133human.pro
GAVDQLNAYFAGELTEFDVELDLRGT------------DFQQR------VWKALLTIP-YGETRSYGEIADQIGAPGAARAVGLA 114M_tuberculosis.pro
QHVREVIASLNQRDTPLTLPLDIRGT------------AFQQQ------VWQALRTIP-CGETVSYQQLANAIGKPKAVRAVASA 135E_coli.pro

+ Majority

VKRNPYPIIVPCHRVIGRKN-PYLYTP------KPEYKKFLLEVEG---WTS                                  174P_furiosus.pro
MKRNPYPIVVPCHRVVAHDG-IGYYSS------GIEEKKFLLEIEGVKEWTS                                  174T_kodakaraensis.pro
LKRNPLPLIIPCHRVVAKNS-LGGYSY------GLDKKKFILERERLN-MVSFKFNKVY                           167M_jannashii.pro
VKRNPLPVIIPCHRVVGKKE-IGGYTVSCSDIDGKSLKKRLLRLEGVF                                      147A_fulgidus.pro
LAKNPLPLYIPCHRVVSKRG-LGGFSA------GLEWKRFLIDLERGSR                                     174T_neapolitana.pro
LSKNNVLLIIPCHRVIGEKS-LGGYSR------GVELKRKLLELEGIDVAKFIEK                               156S_tokodaii.pro
LSKNPILLIIPCHRVIAENG-IGGYSR------GVKLKRALLELEGVKIPE                                   151S_solfataricus.pro
MKINPFPVIIPCHRVISKRD-LGGFNQ------GIEIKSELLKHEGLIL                                     201A_aeolicus.pro
DGANAMAVIIPCHRVIESNGGLGGYGG------GVAIKKQLLELEKGNPEQ                                   173F_acidarmanus.pro
MRGNPVPILIPCHRVVCSSGAVGNYSG------GLAVKEWLLAHEGHRLGKPGLGGSSGLAGAWLKGAGATSGSPPAGRN      207human.pro
NGHNPIAIIVPCHRVIGASGKLTGYGG------GINRKRALLELEKSRAPADLTLFD                             165M_tuberculosis.pro
CAANKLAIIIPCHRVVRGDGTLSGYRW------GVSRKAQLLRREAENEER                                   180E_coli.pro
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However, MMR is unable to complete the repair because it can 

remove cytosines or thymines, but not O6-MGs. So, the DNA 

polymerase cannot find the complementary base to O6-MG, and 

there causes a repeated activation of MMR, leading to single and 

double strand breaks, blocking growth with consequent induction of 

the apoptotic process. On the contrary, high levels of MGMT in the 

tumor cells interrupt this futile cycle, reducing the effectiveness of 

alkylating drugs [Mattossovich et al.2020]. The antagonistic action 

between the effect of alkylating chemotherapies and the cell 

protection by MGMT is one of the main reasons why some cancer 

cell lines have resistance to these types of drugs. 

Resistance to chemotherapy can be decreased by the 

development of inhibitors/inactivators for these enzymes: as 

described above, after removing the lesion, the alkylated form of 

the protein is inactivated and enters the intracellular degradation 

pathways. In last decades, some pseudo-substrates of the MGMT 

were designed, namely, O6-benzyl-guanine (O6-BG) and the strong 

inactivator O6-[4-bromothenyl]-guanine (O6-BTG, Lomeguatrib) 

were used in combination with alkylating agents (Figure 5) [Khan et 

al., 2007; Khaina et al., 2019]. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 5: the chemical structure of O6-BG and Lomeguatrib. 

 

 

These elements mimic DNA-damaged guanine and react with the 

protein by covalent transfer of the alkyl adduct to the cysteine 

residue of the active site, thereby irreversibly inactivating the 

enzyme (Figure 6, red path). At therapeutic levels, O6-BG is not 

a b
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toxic alone, but efficiently provides tumor cells more sensitive to 

alkylating agents. This confirms the potential therapeutic effect of 

this inhibitor as an enhancer of these drugs. It was proposed that 

the strongly inhibitory action of this compound could be greater if 

presented to the enzyme in the form of small oligonucleotides, 

using the ability of the protein to bind to nucleic acids. 

Oligonucleotides that containing more O6-BGs are potent inhibitors 

and they are a valid alternative to the use of free modified 

guanines to improve the activity of alkylating chemotherapeutic 

drug in the treatment of some classes of tumours [Luu et al., 2002; 

Mattossovich et al., 2020]. 

 

 

AGTs as biotechnological tool.  

In the study of protein function, specific labelling with synthetic 

probes has been a major advance in knowledge. One way to 

achieve such a labelling is through expression of the protein of 

interest as a fusion protein with an additional polypeptide, called 

tag [Keppler et al., 2003; Kindermann et al.,2003; Gronemeyer et 

al.,2006; Hinner et al.,2010]. For example, tags allow to simplify 

and optimize purification methods (affinity tags), detection 

procedures (by using specific antibodies) and allow following the 

proteins in vivo [Johnsson et al., 2003]. However, most factors 

affect the feasibility and attractiveness of such an approach are: i) 

the size of the tag; ii) the specificity and speed of the labelling; iii) 

the availability of a broad range of different probes and; iv) 

properties of the tag that affect the function of the fusion protein, 

such as tag-dependent localization or stability. 

The Aequora victoria green fluorescent protein (GFP), that it was 

the first development of a tag, allows in vivo localization of fusion 

proteins in cellular and molecular biology [Tsien, 1998]. However, it 

has some disadvantages, as the relative big dimensions, the 

insensibility to all possible changes of the cellular environment (in 

terms of pH, hydrophobicity and ionic concentrations), the 

incompatibility in all applications concerning anaerobic conditions, 

and the general use restricted only in mesophiles and in mild 

reaction conditions, although few examples of thermostable GFP 

variants were applied in thermophilic microorganisms [Cava et al., 

2008]. 

The particular and unusual covalent linkage established between 

the AGT protein and its inhibitors/inactivators has been exploited 
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for biological applications, ranging from the specific quantification 

of MGMT to using in protein fusions, for in vivo fluorescent 

labelling. This is possible because the high tolerance of MGMT 

toward various large alkyl-groups on the O6-position of guanines, 

without neglecting the advantage of their small protein size. Then, 

MGMT has been exploited for other applications. In 2003, Kai 

Johnsson’s group removed the DNA binding ability of MGMT, 

abolishing its DNA repair activity, pioneering MGMT as in vitro and 

in vivo biotechnology tool, which led to its commercialization, 

namely SNAP-tag®  and CLIP-tag® (New England Biolabs) 

[Juillerat et al., 2003;Mattossovich et al.,2020] (Figure 6, green 

path). 

The expression of the fusion protein within the cells followed by 

incubation with suitable fluorescent derivatives leads to the in vivo 

labelling of the fusion proteins with the probe, which can be used 

for localization studies [Juillerat et al., 2003]. The same principle 

has also been used for the in vitro immobilization of labelled fusion 

proteins [Hinner et al., 2010]. This provides a gentle condition to 

better fix and target a wide range of proteins / enzymes on a 

surface. SNAP-tag® technology has been successfully applied to 

surface plasmon resonance (SPR) for the covalent immobilization 

of proteins of interest [Huber et al., 2004].  

Another interesting application of this protein-tag is the possibility 

of producing new antibody fragments (scFv-SNAP) to be used in 

the SPR analysis [Niesen et al.,2016]. 

Despite the need to use a specific substrate, SNAP-tag has 

infinite applications: the possibility of covalently binding a desired 

chemical group (conjugated to O6-BG) to a protein of interest 

(genetically fused to it) makes it very advantageous, compared to 

traditional protein labels currently in use.  

However, being originated by the MGMT, a limitation of using 

these mesophilic tags is, the application to extremophilic 

organisms and/or to harsh reaction conditions. 

 

 

Thermostable AGTs 

As defined in the previous paragraphs, endogenous alkylating 

agents and environmental stresses such as high temperatures 

accelerate the alkylation process in the genome of thermophilic 

and hyperthermophilic organisms, leading to DNA breaks [Valenti 

et al., 2006] and the formation of DNA alkylation products 
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[Kanugula et al.,2003]. Therefore, the presence of AGT and 

methylpurine glycosylase in hyperthermophilic organisms implies 

that they are naturally exposed to endogenous methylating agents 

[34], thus supporting the crucial role of AGTs [Leclere et al.,1998; 

Skorvaga et al.,1998]. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: The AGT world. These enzymes are small enzymes composed of an 

Nterm domain (in sky blue), a Cterm domain (in light brown) connected by a loop 

(in yellow). In the Cterm, a helix-turn-helix motif (in light green or orange in the 

SNAP-tag®) is responsible for DNA binding activity. The peculiar irreversible 

reaction mechanism of these enzymes plays a fundamental role in the 

physiological repair of DNA (blue path), and has important repercussions in the 

treatment of cancer cells (red path) and in biotechnological applications (green 

path). Atoms are coloured by the CPK convention.  
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In addition to some Archaea studies using cell-free extracts, there 

are also some examples of biochemical studies of AGT from 

hyperthermophilic sources, such as enzymes from Pyrococcus sp. 

KOD1 [Leclere et al.,1998;Mattossovich et al., 2020] conducted by 

Imanaka and collaborators and enzymes of Aquifex aeolicus and 

Archaeoglobus fulgidus performed by Prof. Pegg's group in 2003. 

The latter, unfortunately, led to formation of inclusion bodies upon 

heterologous expression in E. coli [Kanugula et al.,2003]. In the 

last decade, Perugino and co-workers introduced other 

thermostable OGTs from bacterial and archaea sources [Perugino 

et al., 2012; Mattossovich et al., 2020), taking advantage from their 

exceptional stability to shed light on the conformational changes 

upon the alkylation reaction [Perugino et al., 2015; Morrone et al., 

2017], as well as to introduce innovative protein-tags to expand the 

SNAP-tag® technology [Vettone et al., 2016; Visone et al., 2017; 

Merlo et al., 2019; Del Prete et al., 2019; Merlo et al.,2020]. 

 
Methods to measure the activity of AGTs  

AGTs are highly interesting not only for investigating critical 

biological processes, such as DNA repair, but also for the 

development of new and simple, intuitive and inexpensive assays 

to optimize inhibitory molecules of therapeutic interest and for 

identification and/or the optimization of DNA protective compounds 

against the action of alkylating agents (such as sulphur-containing 

antioxidants or sulfhydryl groups), in cosmetic and pharmaceutical 

productions [Trendowski et al., 2015] .To date, AGT’s activity can 

be measured with different methodologies. The first assay 

developed was based on the use of oligonucleotides possessing 
3H or 14C-labelled O6-AGs groups. A proteolytic digestion of the 

proteins was then performed with proteinase K and, by an 

automatic amminoacid analyser, the levels of radioactive S-methyl-

cysteine in the lysate were measured [Olsson et al., 1980]. In 

another system, a very similar but simpler and faster radioactive 

assay involved a terminal oligonucleotide flagged with 32P isotope 

and an internal modified guanine positioned into a sequence for a 

methylation-sensitive restriction enzyme (such as Mbo I). In this 

way it was possible to investigate in which sample the methyl was 

removed and therefore to identify where the activity was present 

[Wu et al., 1987]. A similar procedure was also used by 

Ciaramella’s group to identify the activity of SsOGT for the first 

time [Perugino et al., 2012] (Figure 7).  
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Figure 7: The determination of the activity of AGTs by a methylation-sensitive 

DNA digestion assay. 

 

This test has the advantage of analysing the digested fragment 

directly by polyacrylamide gel electrophoresis [Klein et al.,1992]. 

Similarly, the Luu’s group developed analysis of hMGMT reaction 

products in 2002, based on HPLC separation. This assay studied 

the degree of inhibition of oligonucleotides having O6-MG or O6-BG 

in different positions, which ranged from 3'- to 5'-end and whether 

they could be used as chemotherapeutic agents. 

IC50 values were obtained by quantifying the active protein 

remaining after radioactive DNA reaction [Luu et al., 2002]. All of 

these assays allowed for direct measurements of protein activity, 

however, the use of radioactive materials and chromatographic 

separations, although reliable and accurate, are tedious, laborious 

and unsafe methods. 

An alternative approach was proposed in 2010 by Fàbrega's 

group, which developed an assay based on thrombin DNA aptamer 

(TBA), a single-stranded 15 mer DNA oligonucleotide, identified by 

Systematic Evolution of Ligands by Exponential Enrichment 

(SELEX), which in its G-quadruplex form binds to the thrombin 

protease with high specificity [Bock et al.,1992]. In this test, they 

put a fluorophore and a quencher at the TBA: the quadruplex 

structure of this oligonucleotide is compromised if one guanine of 

central four is an O6-MG, preventing the formation of the G-

quadruplex and, consequently, the two probes from staying closer 

together. The repair activity of an AGT on the oligonucleotide 

allows the folding of the quadruplex structure and the Förster 
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Resonance Energy Transfer (FRET) takes place, with a 

consequent decrease in the intensity of the fluorescence. This 

approach uses a single strand DNA: in this case, it is not the 

natural substrate of every AGTs (methylated DNA, mDNA). 

The introduction of fluorescent derivatives of O6-BG (New 

England Biolabs) has made it possible to develop a new DNA alkyl 

transferase assay. Since AGTs covalently bind the benzyl-

fluorophore portion of its substrate after the reaction, it is possible 

to immediately load the protein product onto an SDS-PAGE: 

fluorescence intensity from gel-imaging analysis provides a direct 

measure of activity of protein due to the 1:1 stoichiometry of 

protein : substrate (Figure 8). The signals of the fluorescent protein 

(after correction of the amount of loaded protein by Coomassie 

staining) obtained at different times are plotted by fitting a second 

order reaction rate [Miggiano et al., 2013, 2016; Perugino et al., 

2012, 2015; Vettone et al., 2016; Morrone et al., 2017]. This 

fluorescent assay is very fast, cheap, reproducible, and allows a 

measure of the activity of AGTs on their natural substrate (mDNA): 

briefly, a double-stranded alkylated DNA oligonucleotide (dsmDNA) 

can be included in competition with the fluorescent substrate, 

leading to a decrease in fluorescence intensity in a manner directly 

proportional to the concentration of mDNA, allowing the 

determination of an IC50 value (Figure 8) [Miggiano et al., 2013, 

2016; Perugino et al., 2012, 2015; Vettone et al., 2016; Morrone et 

al., 2017]. However, this end-point method is indirect and can be 

applied to all AGTs sensitive to the O6-BG derivatives, with the 

exception, for example, of E. coli Ada-C [Elder et al., 1994, 
Goodtzovaet et al., 1997].  
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Figure 8: 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 (mDNA). The direct activity assay: 

fluorescence intensity data give a direct value of the amount of covalently 

modified protein (in pmol) and allow to calculate kinetic constants for the SsOGT 

reaction. In the latter case, an indirect measure of the DNA repair activity on 

natural substrates is determined. Competitive assay employing the fluorescent 

substrate in the presence of double strands (ds) oligonucleotides pairs (natural 

substrate), 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 

fluorescence intensity of the OGT band by 50.0% 
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CHAPTER 2 
 
 
 

PURPOSES OF THE THESIS 
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Purposes of the thesis 
 

The aim of my PhD project is the development of innovative 

analytical methods for the determination of the O6-alkyl-guanine 

nucleobases (O6-AGs) content in DNA samples from different 

sources, locations and cell treatments (mDNA). In general, this 

project proposes an innovative, rapid and reproducible method to 

identify particular DNA damages, which addresses, for instance, 

the presence of alkylating agents in the water used for the 

production of cheeses, meat treatment, fermented sausages, 

poultry, seafood and vegetable products [Poltronieri et al., 2014]. In 

the cosmetic industry, the assay could be useful for the 

identification and/or optimization of protective molecules against 

the action of alkylating agents on DNA. Finally, this assay could be 

also indicative of the effectiveness of the alkylating agents in 

chemotherapy. 

The goal will be pursued through two different approaches, the 

first based on the employing of particular enzymes that, unlike the 

complex repair mechanisms as described in chapter 1, are able to 

repair DNA with a single irreversible; and the second on the use of 

suitably modified oligonucleotides. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figura 9: a) Thermostable AGT- Halotag chimera recognizes and repairs both 

O6-methyl-guanine (O6-MG) in the DNA sample and fluorescent O6-BG, in a 

mutual exclusion modality. The Halotag® in turn reacts specifically and 

covalently with a chloro-alkane substrate derivative, immobilizing the chimera on 

a support. b) A ssDNA able to switch between the duplex and the triplex form. 

Watson-Crick and Hoogsteen bond are represented as lines and dots, 

respectively. Fluorescent probes (coloured circles) allow monitoring the two 

states, by FRET measurements. 
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Analytical methods based on thermostable chimeras 
The starting point of my PhD project is the production of 

thermostable chimeras (Fig. 9a), composed by two moieties: the 

first is a particular enzyme (AGT, OGT, or MGMT) which 

recognizes and repairs O6-AG in the DNA sample. The peculiar 

irreversible reaction of this biocatalyst leads to an alkylated 

enzyme, which is no longer available to, again, irreversibly react 

with a fluorescent substrate (BG-F) also presents in the mixture. 

This will result in the reduction of the fluorescence signal in a 

directly proportional way to the amount of mDNA in the sample. 

With an appropriate calibration line (constructed by known 

amounts of mDNA), the degree of DNA alkylation can be 

determined. The other moiety of the chimera is the commercially 

available Halotag®, a modified halo-alkane dehydrogenase, which 

covalently binds to chloro-alkane substrate derivatives. Using a 

support opportunely derivatized with the latter, the chimera could 

be directly and specifically immobilized by the activity of this 

enzyme, and the AGT fluorescence can be easily separated from 

the context (crude cell extracts or other contaminants in the 

samples) and measured. 

The bottleneck of this assay is the need to perform the reaction at 

moderately high temperatures (ca. 60 °C), which avoids any 

endogenous AGTs’ activities still present in DNA samples. For 

these reasons, chimeras are opportunely engineered to be as 

active as stable at those temperatures. 

 
 

Production of a new AGT substrate based on a DNA 

Triplex  
The second approach is focused on the characterization of an 

innovative AGT assay, based on a DNA-Triplex. Recently, single 

strand DNAs (ssDNAs) forming a Triplex structure have been 

further introduced into DNA nanotechnology as sequence-specific 

targeting agents or nanodevices [Amodio et al., 2014]. A DNA 

Triplex consists of a normal DNA duplex via Watson–Crick base-

pairing, and a third strand binding to the duplex in the major groove 

via Hoogsteen hydrogen bonds. While the T–A:T triad can readily 

form in aqueous solutions, the C–G:C+ triad only when the 

cytosine nucleobase on the third strand is protonated at its N3 
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position occurs, allowing an Hoogsteen hydrogen-bond with a 

guanosine [Liu et al., 2014]. For this reason, ssDNAs containing 

cytosines can only form a triplex structure at acidic pHs. The 

conformational switches between the duplex and the triplex form 

could be monitored through a FRET pair, e.g., a Cy3 and a Cy5, 

located in an internal position and at the 5’ end respectively of the 

ssDNA [Amodio et al., 2014] (Figure 9b). We noted that the 

presence of O6-MGs in the oligonucleotide hampers the switching 

to the Triplex form. Thus, this methylated oligonucleotide should be 

the ideal fluorescent substrate for an innovative AGT’s assay, and, 

consequently the starting point for the development of potential 

high-throughput platforms of innovative assays in the presence of 
mDNA. 
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CHAPTER 3 
 
 
 

DEVELOPMENT OF A THERMOSTABLE 
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DETERMINATION OF O6-AGS IN A  
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Development of a thermostable chimera for 
the rapid determination of O6-AGs in a high-
throughput assay 

 
Alkylation of guanine in the O6 position, as mentioned in chapter 

1, is very harmful to the cell because O6-alkyl-G incorrectly couples 

with thymine during replication, generating a mutation by transition 

from G:C to A:T [Daniels et al., 2000; 2004 ]. To date, there are 

few specific and high-throughput methodologies for the qualitative 

and quantitative analysis of mDNA upon exposure to alkylating 

agents, present in environmental microorganisms and fresh foods 

(fruit, vegetables, meats, etc.), for the determination of the quality 

of the environment and food production. As already mentioned in 

the purposes of the thesis, the AGT moiety of the chimera 

recognizes and repairs the O6-AGs in the DNA sample, while the 

Halotag part is used for direct and specific immobilization on the 

support, previously conjugated with its relative substrates (Figure 

10). 

 

 

 

 

 

 

 

 

 

 

 

 
Figura 10: Strategies for the thermal stabilization of the chimera AGT-Halo. 
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accelerated by high temperatures and leads to the formation of 

DNA breaks [Mattossovich et al., 2020 ] . The presence of AGT 

homologous genes in thermophilic and hyper-thermophilic 

organisms has demonstrated the effective existence of methylating 

agents in extreme environments and the role essential for this 

enzyme in the survival of Archaea and Bacteria species [Chan et 

al.,1995; Koscielska et al.,2003; Miggiano et al.,2016]. Based on 

the 3D structures available in the Protein Data Bank, 

“thermoAGTs” show structural similarities to their mesophilic 

homologues, presenting two domains (N- and C-terminal) 

separated by a connecting loop (Figura 4). ThermoAGTs were first 

studied by Imanaka and collaborators on the archeon 

hyperthermophilic Pyrococcus sp. KOD145 [Leclere et al.,1998] 

and by Prof. Pegg on Aquifex aeolicus and Archaeoglobus fulgidus 

[Kanugula et al.,2003 ] 

 

The Saccharolobus solfataricus OGT 

In the last decade, a thermostable AGT has been introduced by 

the thermophilic archaeon Saccharolobus solfataricus (SsOGT). 

This enzyme, for its peculiarities, was used for the first time for 

SNAP-tag® technology [Juillerat et al.,2003;Keppler et 

al.,2003;Gronemeyer et al.,2006] at high temperatures, becoming 

an efficient thermostable protein-tag [Kindermann et al.,2003; 

Mattossovich et al.,2020]. S. solfataricus was discovered and 

isolated in volcanic hot springs in the Solfatara volcano (Pisciarelli-

Naples, Italy) in 1980 [Ziling et al.,1980]. Living in harsh conditions, 

such as 80 °C and a pH 2.0–4.0 range, this microorganism has 

evolved efficient repair systems [Valenti et al.,2006]. The S. 

solfataricus ORF SSO2487 encodes a 151-aa polypeptide 

homologous to AGTs, which shows in primary structure alignments 

conserved motifs involved in the activity of the enzyme. The 

relative recombinant protein (SsOGT) is able to perform the repair 

of DNA from alkylation damages, mainly acting at position O6 of 

guanines. This protein presented an excellent in vitro stability at 

high temperatures, showing a half-life of 165.1 ± 16.5 minutes and 

18.7 ± 2.0 minutes at 70 °C and 80 °C respectively [Perugino et 

al.,2012] and proved optimal catalytic activity at 80 °C. As most 

thermophilic enzymes, SsOGT is competent to work in an ample 

range of reaction conditions, such as high ionic strength (up to 2 M 

NaCl), in the presence of detergents (0.5% Tween 20; 1.0% Triton 

X-100; 0.5% Sarcosyl), and common denaturing agents and 
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proteases [Perugino et al.,2012]. Interestingly, chelating agents do 

not influence the activity of this enzyme, whereas MGMT is 

strongly affected because of the presence of a structural Zinc ion in 

the N-terminal domain [Daniels et al.,2000] (Figure 4). Recently, 

the 3D SsOGT structure has been solved [Perugino et al.,2015], 

revealing that its Nterm domain (1-53 aa) lacks the structural zinc, 

so explaining the stability of the archaeal enzyme in the presence 

of chelating agents. On the other hand, the anti-parallel b-sheet in 

the Nterm domain is stabilized by the presence of a disulfide bond 

between two cysteine residues in positions 29 and 31 [Perugino et 

al.,2012]. 

However, SsOGT has an optimal activity at 80 °C, while at 

moderate high temperatures (50-60 °C; [Perugino et al.,2012]) its 

activity is much lower, limiting its utilization in our high-throughput 

assay, where also DNA thermal denaturation should be prevented. 

For this reason, part of the research was based to discover a new 

thermostable AGT with displays a higher activity at moderate high 

temperatures. 

 

The commercial Halotag 

As the self-labelling SNAP-tag®, the Halotag® allows the indirect 

labelling of genetically fused proteins of interest with desired 

chemical groups. This enzyme is an engineered version of the 

bacterial haloalkane dehalogenase from Rhodococcus 

rhodochrous (EC 3.8.1.5), which is able to form a covalent bond 

with synthetic ligands (Figure 11). Ligands contain two 

components: 1) a common reactive linker that forms a covalent 

bond with the Halotag® protein, and 2) a functional reporter such 

as a fluorescent dye or an affinity handle such as biotin. 

Haloalkane dehalogenases remove halides from aliphatic 

hydrocarbons by means of a nucleophilic shift mechanism 

[Janssen et al.,2004]. A covalent ester bond is disposed during 

catalysis between an aspartate in the enzyme and the hydrocarbon 

substrate. In the wild type enzyme, the base-catalysed hydrolysis 

of this covalent intermediate, mediate by a conserved histidine in 

the active site, subsequently disengages the hydrocarbon as 

alcohol and regenerates the aspartate nucleophile for further 

catalysis cycles. In the Halotag®, a mutation of this histidine 

(His272Phe) led to the formation of a stable bond with 1,2-

dibromoethane [Los et al. 2008] (Figure 11). 
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This is an approach so it allows you to easily create stable bonds 

with synthetic molecules added to a chloroalkane linker, thus 

allowing easy connection to a number of characteristics. The 

trapping of the covalent intermediate permits the irreversible attack 

of the chemical functionalities and the structure of the 

dehalogenase provides specificity and efficiency of the reaction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11: the 3D model Halotag® protein and close-up of the ligand tunnel 

(outlined by a mesh Connolly surface) with covalently bound TMR ligand. The 

reaction mechanism of wild-type (WT) and mutant dehalogenase. Nucleophilic 

displacement of the terminal chloride with Asp106 leads to a covalent alkyl-

enzyme intermediate. In the wild-type enzyme, His272 acts as a general base to 

catalyse hydrolysis of the intermediate, resulting in product release and 

regeneration of enzyme. In the mutant protein, the substituted Phe272 is 

ineffective as a base, thereby trapping the reaction intermediate as a stable 

covalent adduct.  

 

 

Halotag® ligands have the same chloroalkane reactive linker, but 

the differences in functional reporter and the distance of the 

reporter from the linker create interchangeable labelling 

technology. For example, the Halotag-TMR® ligand is a cell 

permeable red emitting ligand, but unlike some red fluorescent 

proteins, it does not require tetramerization [Miller et al.,2005 Los 

et al., 2008;]. Green Emitting Halotag-Alexa Fluor® 488 and Biotin 

PEG are cell-impermeable ligands. As a result, the interchange 

ability of a wide range of ligands allows for a variety of functional 

studies of fusion proteins generated from a single genetic construct  

irreversible!!! 
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Because of the mesophilic nature of the Halotag, the 

achievement of its thermostable and active version is mandatory. 

To aim this, I performed a molecular evolution by a selection of 

variants of this enzyme by expressed in the thermophilic bacterium  

Thermus thermophilus.  

 
Fast thermostable OGTs 
 
Introduction 

Following the Figure 4, I started my search of thermostable OGTs 

to be alternative to the archeal Saccharolobus counterpart, 

focusing my attention on the euryarchaeal Pyrococcus furiosus and 

on the Gram-negative bacterium Thermotoga Neapolitana [Terns 

et al.,2013;Kengen et al., 2017;Mattossovich et al., 2020;], an 

hyper-thermophilic microorganism, belonging to the 

Thermotogales, recently considered excellent models for 

biotechnological and genetic engineering applications [Jannasch et 

al.,1998;Conners et al., 2006;Zhang et al.,2015;Fink et al.,2016]. It 

has an ORF (CTN1690) that shows a clear homology to O6-

alkylguanine-DNA-alkyl-transferase enzyme class, encoding a 

polypeptide of 174 aa with a molecular weight of about 20 kDa. 

 

 

Results and discussion 

To verify the above-mentioned hypothesis, lyophilized T. 

neapolitana cells were incubated at different temperatures with the 

fluorescein commercial benzyl-guanine derivative (SNAP-Vista 

Green®; BG-VG), showing a strong fluorescent signal with a 

molecular weight compatible to that of purified SsOGT by gel-

imaging after SDS-PAGE (Figure 12). 

The sensitivity to the benzyl guanine-derivatives was enough 

convincing to proceed with the cloning and the heterologous 

expression of this ORF in E. coli of the His-tagged version of this 

protein. After purification by affinity chromatography (Figure 12), 

the protein was confirmed to be fully active on BG-VG and 

subjected to biochemical characterization. The inhibition assay 

above described allowed the determination of an IC50 value similar 

to that obtained with the S. solfataricus enzyme [Perugino et al. 

2015], therefore attesting a role in DNA repair of this thermophilic 

protein, called hereinafter TnOGT (table 1). 
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Surprisingly, the enzyme from T. neapolitana displayed a very 

high activity at low temperatures (Table 1), in the same order of 

magnitude we achieved from the engineered SsOGT version (H5; 

[Perugino et al., 2012; Vettone et al., 2016]), hampering the 

determination of the second order constants at temperatures 

above 50 °C, since its reaction rate went beyond the technical 

limits of our assay. In H5 mutant, a conserved serine residue in the 

active site loop (S132) was opportunely replaced with a glutamic 

residue, leading to a strong enhancement of the general activity on 

O6-BG derivatives, as observed in other examples (Juillerat et al., 

2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 12: The OGT from Thermotoga neapolitana. Lyophilized T. neapolitana 

cells grown in the presence of CO2, were resuspended in PBS 1X buffer and 

BG-FL 5.0 μM and incubated 120 min at the indicated temperatures; NT, 

resuspended cells immediately loaded on SDS-PAGE. The ogt gene was 

expressed in E. coli and protein was purified by His-tag affinity chromatography, 

as descripted in the “Materials and methods” section. Lane M: molecular weight 

marker; lane 1: cell-free extract; lane 2: flow-through; lanes 3 and 4: column 

washing; lanes 5–8: eluted protein by imidazole gradient. Filled and empty green 

arrows indicate labelled proteins and the BG-VG substrate, respectively. 
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Table 1: DNA repair activity at 50 °C of OGTs by competitive inhibition studies in 

the presence of BG-FL (used as substrate) and a ds oligonucleotide containing 

an O6-methylated-guanine. 

 

 IC50 
(µM) notes 

   

SsOGT 1.01 ± 0.08 from Perugino et al. 2015. 

   

TnOGT 0.53 ± 0.13 this study; Mattossovich et al. 2020 

   

 

 

Interestingly, an analysis of the superimposition between a 

TnOGT 3D model and the 3D structure of the free form of SsOGT 

(PDB ID: 4ZYE) showed the presence of this conserved serine in 

TnOGT (Figure 13). However, some residues involved in ionic 

interactions that play an important role in the stabilization of 

SsOGT at high temperatures [Mattossovich et al., 2020] are 

missing in TnOGT. Likely, different stabilization mechanisms and 

alternative residues contribute to its exceptional catalytic activity at 

moderate temperatures and high thermal stability. 

 

 
Table 2: Catalytic activities as a function of temperature of thermostable OGTs, 

expressed as second order rate constant values in the presence of the sole BG-

VG substrate. 

 

 

 
 

T 
(°C) 

k 
(s-1M-1) notes 

    

SsOGT 25 2.80 x 103 from Perugino et al. 2012. 

 50 1.50 x 104 this study; Mattossovich et al. 2020 

 70 5.33 x 104 from Perugino et al. 2012. 

 80 NDa this study; Mattossovich et al. 2020 

    

    

TnOGT 25 4,65 x 104 this study; Mattossovich et al. 2020 

 50 2.19 x 104 this study; Mattossovich et al. 2020 

 70 ND this study; Mattossovich et al. 2020 

 80 ND this study; Mattossovich et al. 2020 

    
aND, not determined. 
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On the other hand, TnOGT was unusually prone to degradation 

during storage at -20 °C, showing a series of bands below the 

entire length, both in fluorescence imaging and in Coomassie 

staining. This liability hampered thermostability measurements 

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 chromatography.  

From Coomassie staining analysis, three main bands of 

approximately 17.5, 16.1 and 14.7 kDa were detected. Since they 

were also fluorescent (and, therefore, catalytically active), it is likely 

that these cuts are at the expense of the Nterm domain, still 

keeping the polypeptides together and making the enzyme 

catalytically active in solution. (Figure 13) 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 12: 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) From [Mattossovich et al., 2020]. 
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Analysis performed on the OGT from P. furiosus OGT (PfuOGT) 

showed that, as expected, this enzyme possesses an exceptional 

stability but an equally exceptional thermophilicity, being less 

active than SsOGT above 60 °C [Mattossovich et al., 2020]. 

For the reasons described above, we decided to continue 

employing SsOGT as part of the chimera. We are currently 

studying our TnOGT protein (stabilization solutes, mutagenesis, 

etc.), in order to decrease or abolish its degradation and make the 

enzyme suitable for our high-throughput assay. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 13: Degradation of the TnOGT. After reaction with the BG-VG substrate, 

the purified TnOGT (lane 1) and SsOGT (lane 2) were loaded to the SDS-PAGE 

and subjected to the fluorescence gel-imaging and Coomassie staining, 

according to the protocol in Materials and Methods. Green filled arrows indicate 

the SsOGT and the full-length TnOGT; asterisks indicate the fragments of the 

TnOGT. Scissors on the TnOGT primary structure indicate the probable sites of 

the cuts in the protein. 
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Enhancing the thermostability of Halotag 
 

Introduction 
Direct evolution makes use of the principles of natural evolution, 

"remarking" the Darwinian principles of mutation and selection in 

the laboratory and reducing the time scale of evolution [Eigen et 

al.,1984; Mate et al.,2017]. The main object of any direct evolution 

experiment is to identify and restore variants from mutant libraries 

with the desired improvements in terms of fitness. In this project, a 

construction of a library of Halotag mutants by random 

mutagenesis and the next selection of its thermostable variant(s) 

will be performed.  

This aspect of my PhD Project was carried out at the Department 

of Molecular Biology of the Autonomous University of Madrid 

(Spain) in collaboration with the group of Dr. Aurelio Hidalgo. For 

several years, in Hidalgo's laboratory, optimizations have been 

underway for the ex vivo expression of recombinant proteins 

through the use of high-temperature expression systems, purified 

from the bacterial strain Thermus thermophilus HB27 [Faraldo 

et.al.,1992; Schwarzenlander et.al.,2006;Cava et al., 2009].  

Among several strategies for analysing mutant libraries, 

particularly successful are those combining the improvement of the 

enzymatic stability and the survival of the host expression. Based 

on these premises, Chautard in 2007 developed an activity-

independent selection system, called THR, a system for selecting 

thermostable variants decoupled from any biological function 

[Chautard et al., 2007]. 

This folding interference principle method involves the use of a 

thermostable variant of the kanamycin nucleotidyl transferase (Kat) 

[Matsumura et al.,1985], although it could be replaced by any other 

thermostable antibiotic reporter. In this method, Kat is fused to the 

Cterm of the protein of interest and the resulting fusion is 

expressed in the thermophilic bacterium Thermus thermophilus 

HB27, one of the most important microorganisms used for 

biotechnological applications, because it has the ability to grow in 

laboratory conditions and it has an extremely efficient natural 

competence. Thus, cells expressing fusions with an unstable 

protein of interest show reduced resistance to kanamycin, due to a 

deleterious effect of the misfolded protein of interest on Kat folding. 

Therefore, the stability of the variants of the protein of interest is 

+ 

cloning, expression in 
E.coli 

and purification 
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linked to the correct folding of Kat and therefore to the growth of T. 

thermophilus on plates containing antibiotics at high temperatures 

(Figure 14a) [Chautard et al., 2007].  
 

a       b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 14: a) Selection method based on the folding interference principle: the 

first step is the generation of a library of the protein of interest (POI) then cloned 

into a plasmid that allows fusion at the Cterm of an antibiotic resistance reporter 

(Kat) and transformed into T. thermophilus. At higher temperatures, and in the 

presence of an antibiotic, the not thermostable variants (or for unwanted non-

stop codon incorporation) will not fold, leading to sensitive-antibiotic hosts (no 

colonies). On the contrary, the thermostable variants will fold correctly allowing, 

in turn, the correct folding of Kat and thus, the stable variants will be identified by 

the growth of the colonies. b) pNCK plasmid: promoter of the slpA gene (slpAp), 

multi-cloning site (MCS, containing the unique cloning sites Nco I, Bam HI and 

Not I), linker, thermostable kanamycin nucleotidyl transferase (kat), E. coli origin 

of replication (oriE.coli), ampicillin resistance gene (amp) and Thermus spp. origin 

of replication (oriThermus). 
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To apply the THR method, an E. coli-Thermus spp. shuttle 

plasmid is employed for the construction of the library in E. coli and 

the expression of the fusion protein in Thermus. This plasmid, 

called pNCK (Figure 14b), is based on the pUC18 plasmid124 

harbouring the amp gene, as well as both the origins of replication 

for E. coli and T. thermophilus [Lasa et al.,1992].The gene 

encoding Kat, the thermostable kanamycin nucleotidyltransferase 

from Bacillus stearothermophilus [Matsumura et al.,1985] were 

inserted under the control of the slpA strong promoter [Lasa et 

al.,1992], generating the slpAp-kat cassette.[Faraldo et 

al.,1992]This cassette was further modified by inserting the unique 

cloning sites Nco I, Bam HI and Not I and a linker (AAAGSSGSI) 

between the slpA promoter and the kat gene. The linker was 

designed to be hydrophobic, flexible and without any protease 

cleavage site [Chautard et al., 2007]. 

Once the plasmid was constructed and the microorganism 

transformed, the folding interference hypothesis was validated to 

select thermostable variants. To this end, Chautard generated 

libraries for several proteins, notably human interferon alpha 

(IFNa), beta (IFNb) and gamma (IFNg), lipase A from Bacillus 

subtilis (LipA) and the formate dehydrogenase from Pseudomonas 

sp. This method proved effective for all the analysed proteins, 

obtaining thermostable variants in all cases. 

 
 

Results and discussion 

By following the THR approach proposed by Chautard, where an 

improperly folded Nterm of a protein has a deleterious effect on the 

folding of its Cterm portion, I produced two constructs, one 

inserting the halotag-kat fused gene in pNCK, and the second 

halotag-hyg (the gene of the hygromicin from Streptomyces 

hygroscopicus) fused gene in pNCH. 

After T. thermophilus transformation, I first verified that the 

expressed fused proteins allow the growth of the cells up to 60 °C. 

Furthermore, the transformed cells resulted active for the Halotag-

TMR® substrate, indicating that the Halotag® is correctly folded 

and active and the cells are permeable with this kind of substrate. I 

also verified that the wt enzyme is compatible with the Thermus 

growth at 60 °C, whereas a higher temperature (ca. 63 °C) resulted 

in no growth. This was the starting point of the subsequent 

molecular evolution experiments. 
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The introduction of mutations into the halotag gene was carried 

out by error-prone PCR (epPCR), using different concentrations of 

Mn2+. The amplified products were ligated into plasmids pNCH and 

pNCK,[Cava et al.,2007] followed by the E. coli transformation and 

plated on LB selective medium. The number of clones on the 

plated indicated a potential number of 4.5 x 104 and 2.3 x 104 

clones for  pNCK-Halotag and pNCH-Halotag, respectively. I 

picked up ca. 20 clones and I verified the mutation frequencies 

(technically 1-2 mutation per halotag gene), demonstrating that the 

optimal condition of the ePRC was 0.5 and 0.3 mM for the Kan and 

Hyg selection, respectively. 

Successively, I transformed T. thermophilus with the obtained 

variant libraries, plated them at different concentrations of 

Kan/Hyg, and incubated at 60-63 °C. After 48 hours, I found 

colonies at 63 °C and 30 mg/mL of kanamycin for pNCK-Halotag 

and 100 mg/mL of Hygromicin for pNCH-Halotag. Then, I 

successfully verified the activity of Halotag variants from this first 

selection, by picking those colonies, growing them in liquid medium 

and incubating with the fluorogenic substrate, followed by gel-

imaging analysis. 

To verify the selection process, twenty randomly selected clones 

of these libraries were picked up and incubated at 65 °C for Kan-

library and 67 °C for Hyg-library by the serial dilution assay. Some 

variants could grow under these conditions, whereas the Halotag® 
wt could not (Figure 15). Therefore, the next step should have to 

push on the temperature to 67 °C and 70 °C, by taking advantage 

of recombinant events by numerous techniques [Stemmer et 

al.,1994; Lehtonen et al.,2015; McCullum et al.,2010]. 

Unfortunately, all these aspects (including the DNA sequence of 

variants from the first selection) have not investigated, due to the 

pandemic situation and the return to Italy was mandatory. 
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Conclusion 

From this Spanish work experience I obtained a lot of information 

as: 
-The acquisition of the manipulation of a new microorganism T. 

Thermophilus; 

-The generation of Halotag mutant libraries by ePCR and the 

subsequent selection in T. thermophilus by THR method. This 

allowed the recovering of some higher thermostable variants than 

the wt, also confirmed by the plate dilution assay; This was not 

possible due to the on-going pandemic. This activity will be part of 

my post-doc research. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 15: Dilution assay on plate to compare thermostability of different 

mutants at 65 °C. T. thermophilus containing Halotag wt does not grow, while 

mutants showed different resistance degree. 
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Construction and production of two different 
chimeras: which is the best? 

 

Because the final scope in the development of the chimera is the 

achievement of a product in which the activity and the stability of 

each enzyme is not affected by the presence of the other one, I 

first produced two different version: OGT-Halo (chimera 1) and 

Halo-OGT (chimera 2). Furthermore, it is also important verify 

which of them is more suitable to the immobilization procedures on 

the support. 

 

Results and discussion 
In order to obtain OGT-Halo, I cloned into the pQE-ogt plasmid 

[Perugino et al., 2012] the halotag gene downstream and in-frame 

to the His-tagged ogt gene. Previous experiments producing the 

SsOGT wt at the N-terminal of fusion proteins containing different 

enzymes (as b-glycosidase, reverse gyrase and carbonic 

anhydrase) demonstrated that the total absence of any 

interference by SsOGT [Vettone et.al.,2016; Visone et al., 2017; 

Merlo et al., 2019]. I successfully expressed OGT-Halo in E.coli 

ABLE C strain and purified this protein by His-tag affinity 

chromatography, as well for the separated enzymes (see M&M). 
Unfortunately, I did not obtain a sufficient amount of protein to 

allow a complete biochemical characterization. A series of attempt 

are being performed to enhance and optimise the expression of 

this chimera, to finally verify its potential within this project.  
To obtain the Halo-OGT version, we simply replaced the Halotag 

gene in place of the lacS gene in pQE-ogt-lacS [Vettone et al., 

2016], obtaining the pQE-halo-ogt plasmid. Again, for this second 

fusion protein, we used the same expression and purification 

procedures used for the chimera 1. As shown in Figure 16, both 

the enzymes in Halo-OGT (ca. 52 kDa) react with their respective 

substrates with efficiency comparable to their free counterparts (ca. 

20 and 33 kDa, respectively). These results suggest that SsOGT 

also if positioned at the C-term of a protein-tag, it can be labelled 

specifically and efficiently with his substrate (BG-VG), as 

previously demonstrated for the ASLtag production [Merlo et al., 

2019; Del Prete et al., 2019].  
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Figure 16: Orthogonal substrate specificity of the Halo-OGT chimera, compared 

with the purified single SsOGT and the Halotag®. 

 
 
Initially, Halo-OGT were tested at a temperature of 60 °C for 10 

minutes: under these conditions, it was not possible a quantitative 

determination of the fluorescent intensity, because the Halotag 

moiety completes its reaction after a few minutes, hindering the 

determination of the second order constants. For this reason, the 

assay was performed at 25 °C. As shown in the Table 3, Halo-OGT 

is as active as the Halotag®, showing a remarkable ability to 

perform the reaction at very low temperatures. The OGT activity of 

the chimera was measured at 25 °C and 60 °C, resulting very close 

to the SsOGT [Perugino et al.,2012,2015; Mattossovich et al 2020]. 

Thus encouraged us to use the chimera at temperatures of 50-60 

°C, as the aim of the project provides. 
The demonstration of the activity of this chimera is necessary, but 

not sufficient for the employing in the high-throughput assay: Halo-

OGT activity on fluorescent substrate is strongly affected by the 

presence of mDNA (Table 4) as the SsOGT enzyme [Perugino et 

al., 2015], thus confirming a role in DNA repair of this chimeric 

protein.  
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Table 3: Catalytic activities as a function of temperature of SsOGT, Halotag and 

HaloOGT, expressed as second order rate constant values in the presence of 

the BG-VG substrate and Halotag-TMR. 

 

 T 
(°C) 

BG-VG 
k (s-1M-1) 

HaloTag-TMR 
k (s-1M-1) notes 

     

SsOGT 25 2.80 x 103 - from Perugino et al. 2012 

 60 1.02 x 104 - this study 

Halotag 25 - 5.7 x 105 this study. 

 60 - ND this study 

Halo-OGT 25  1.68 x 103  5.1 x 105 this study 

 60 7.03 x 103 ND this study 

 
 
 

Table 4 DNA repair activity of SsOGT and Halo-OGT at 50 °C by competitive 

inhibition studies in the presence of BG-VG (used as substrate) and a dsDNA 

oligonucleotide containing one O6-MG. 
 

 IC50 
(µM) notes 

   
SsOGT 1.01 ± 0.08 from Perugino et al. 2015 

   

Halo-OGT 0.95 ± 0.08 this study 

   
 

 

As explained before, the chimera will be subjected to a reaction 

at > 60 °C to avoid any AGT endogenous activities. Preferentially, 

the final assay should be performed in ca. 10 min. To this aim, I 

verified the residual activity of the Halo-OGT chimera and its 

separated components, after a pre-treatment for 20 min at different 

temperatures, followed by an incubation with the relative 

fluorescent substrates for 120min at room temperature (Figure 17). 

Interestingly, each moiety shows as similar behavior compared 

with the separated counterparts, indicating that OGT from S. 

solfataricus retains half of its activity at > 60 °C, whereas 

the Halotag drops to the total inactivation at those temperatures. 

These results clearly demonstrated the need of a 

thermostable Halotag version. 
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Figure 17: Stability of SsOGT, Halotag and the Halo-OGT chimera, by 

measuring the residual activity after a pre-treatment a different temperatures, 

followed by the fluorescent activity assay at room temperature. 

 

 

Conclusion  
In this first part of my PhD thesis, I have produced two chimeras 

versions: both chimeras expressed in E. coli are as stable and 

active at 60 °C as for the need of our assay. We should optimize 

the expression and purification of OGT-Halo to be able to 

characterize it and choose which is actually the best fusion protein 

to use in our assay and high-throughput for the detection of 

alkylated DNA from samples such as blood, water and industrial 

food waste and contaminates. 

The last phase of the project, focused on the setting up of the 

high-throughput assay based on the chimeras (according to the 

Figure 18), had to be performed at the IXTAL srl (Novara, Italy), in 

the laboratory of Dr. Miggiano and Dr. Ferraris. This was not 

possible due to the on-going pandemic. This activity will be part of 

my post-doc research, when pandemic conditions will allow me to 

spend a period in IXTAL srl. 

Briefly, samples containing mDNA are incubated at 60 °C in the 

presence of the chimera for an opportune time frame. Some part of 

the OGT in the chimera reacts with the mDNA (OGT in gray in 
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figure 18). At the same time, the activity of the Halotag moiety on 

the Halotag NHS-Ester (O4)® substrate makes possible the 

immobilisation of the chimera on the solid support, previously 

derivatised with NH2 groups. This allows the following washing 

procedures, in order to eliminate all the extract from the samples. 

Only the Halo-OGT molecules, which did not react with the mDNA 

(in blue in Figure 18), are available for the final reaction with a 

fluorescent BG-derivate substrate. After a washing, it is easy by 

fluorescent measurement to determine the amount of the labelled 

chimera, opportunely compared to a standard curve obtained by 

using dsDNA oligonucleotides containing specific amounts (in 

pmol) of O6-MG (Figure 18). 
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Figure 18: the proposed high-throughput assay for the determination of mDNA, 

by the exploitation of thermostable chimeras harbouring AGT and Halotag 

activities. 

  

The enzyme-based “mDNA detector”

St

dsDNA

dsmDNAB S

B = blank mixture; S = samples; St = standard curve

CH3

N

NN
H

N

O

NH2

H
N

derivatization

NH2 NH2NH2 NH2

CH3 

CH3 

CH
3 

CH
3 

incubation

nuclear fraction

SsOGT- evolved halotag (           )

50 - 60 °C

washing

O
G

T assay fluorescent BG-derivative
(         )

w
ashing

1. support preparation 3. fluorescence measurement

2. DNA active repair

Halo-tag® NHS-Ester (O4) Ligand (      ) 

O

O
O

O

H
N

O

O
O

O
O

Cl



 56 

Experimental procedures 
 

Reagents 

Fine chemicals were from Sigma-Aldrich, SNAP-Vista Green® 

fluorescent substrate (hereinafter BG-FL) was from New England 

Biolabs (Ipswich, MA). Synthetic oligonucleotides listed in Table 5 

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 CTN1690 ORF, encoding a putative OGT, was amplified 

from the genomic DNA of Thermotoga neapolitana, using the Lig5-

TnOGT and Lig3 TnOGT oligonucleotide pairs and cloned directly 

into the pHTP1 expression vector (NZYTech, Portugal), following 

the instructions described in the NZYEasy Cloning and Expression 

Kit Manual I (NZYTech, Portugal). The ligation mix was fully used 

to transform DH5α cells from commercial E. coli (NZY5α 

Competent Cells - NZYTech, Portugal) and the positive clones 

were confirmed by PCR. Subsequently, a DNA fragment from the 

resulting pHTP1-TnOGT was eliminated by digestion with Nco I 

restriction endonuclease and was replaced by a double-stranded 

oligonucleotide (NZY-His Fwd2 and NZY-His Rev2;) whose DNA 

sequence expresses a shorter His6- tag (MAHHHHHHTG-), similar 

to that at the N terminus of the SsOGT protein (Perugino et al. 

2012).To produce fusion proteins of genes of interest with SsOGT, 

the construction of a plasmid, the pQE-OgtMCS, was induced in 

which the amplified fragment of the ogt gene was cloned into the 

pQE31 ™ vector and a small Mul Cloning Site was inserted 

(Perugino et al 2012). Using this plasmid as a recipient, the 

Halotag gene from Rhodococcus rhodochrous was cloned in the 

frame and upstream and downstream of the ogt gene. Resulting 

two plasmids pQEOGT-Halotag and pQEHaloOGT. 
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The halotag gene was also inserted in the plasmids of the pNCK 

and pNCH shuttles important for transformation into Thermus 

thermophilus. The oligonucleotides used for the DNA constructs 

are listed in Table 5. All the constructs described above were 

transformed into DH5α cells and were confirmed by DNA sequence 

analysis. 

 
 

 
Table 5 : list of oligonucleotides 

 

 

Protein purification 

 

TnOGT ,OGT-Halotag and HaloOGT was expressed in the E. coli 

cells (BL21/ABLE C )grown overnight at 37 °C in Luria–Bertani 

(LB) selective medium supplemented with antibiotics (50 mg/L 

kanamycin 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 resuspended 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 20 min at 65 °C, followed by a 

centrifugation 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 

name sequence note 
Lig5-TnOGT 5’-tcagcaagggctcaggccatgggagatcga-3’ Mattossovich et al 2020 
Lig3-TnOGT 5’-cctcagcggaagctgaggttatcgactacctcgc-3’ Mattossovich et al 2020 
NZY-His fwd2 5’-catggcacaccatcaccatcaccatacggg-3’ Mattossovich et al 2020 
NZY-His rv2 5’-catgcccgtatggtgatggtgatggtgtgc-3’ Mattossovich et al 2020 
Fwdm4 5’-ggcmgtaggcctagcatgacaatctgcattggtgatcacgg-3’ Perugino et al.2015;  
Rev4 5’-ccgtgatcaccaatgcagattgtcatgctaggcctaccgcc-3’ Perugino et al. 2015 
Halo-Bam-fw 5’-ccatacggatccaatggcagaaatcggtactgg-3’ This study 
Halo-Bam-rv 5’-agcattggatccccggaaatctcgagcg-3’ This study 
Halo-Pst-fw 5’-ccagaactgcagatggcagaaatcggtactgg-3’ This study 
T7-rev 5’-gctagttattgctcagcgg-3’ This study 
Halo Hind fw 5’aaaaagcttggaggtgtgaggctaatggcagaaatcggtactg3’ This study 
Halo_Eco_rv 5’aaagaattctaggaaatctcgagcgtcgacag 3’ This study 
Halo_Nco_fw 5’aaaccatgggcgcagaaatcggtactggc 3’ This study 
Halo Not I rv 5’aaagcggccgcggaaatctcgagcgtcg 3’ This study 
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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 

250 mM imidazole, the elution 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. The proteins were dialysed against 

PBS 1 × buffer (phosphate buffer 20 mM, NaCl 150 mM; pH 7.3), 

Finally, the proteins were concentrated and loaded on 15% SDS-

PAGE gel to confirm its purity and stored at − 20.0 °C. 

 

 
In vitro alkyl-transferase and Halotag assays  

The fluorescent substrates BG-FL/HaloTagTMR were used for 

the determination of the catalytic activity, 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). 

5.0 μM of protein (ca. 0.1 mg/mL) was incubated with 10.0 μM of 

substrate 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 4000TM system (Bio-Rad) by applying as 

excitation/emission parameters a blue LED/530 bandpass filter, 

and then was stained by Coomassie. Assuming the irreversible 

mechanism with 1:1 BG-FL/OGT or HalotagTMR/Halotag 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) 
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Competitive assay and IC50 calculation 

Competitive assay employing the fluorescent substrate in the 

presence of double strands (ds) oligonucleotides pairs (Fwdm4: 

Rev4; Table 5 ), 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 

fluorescence intensity of the OGT band by 50.0%. Reactions 

incubated at fixed temperatures with increasing concentrations 

(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]. 

 

Microbiological methods : cultivation and transformation from 

Thermus thermophilus 

Thermus thermophilus was grown in TB medium (Bacto-triptone 

8g/L, yeast extract 4g/L, NaCl 3g/L, pH 7,5 in carbonate-rich 

mineral water) from 60 to 74 °C. Liquid cultures were shaken in an 

incubator at 180 rpm in flasks or tubes, without exceeding 1/5 of 

total volume. Incubation of T. thermophilus on plates was carried 

out in TB medium supplemented with 2% (w/v) of agar. To prevent 

desiccation, T. thermophilus plates were incubated for 48 h within 

wet chambers. To verify the temperature of the heater an iButton 

Thermo-S-kit-T thermochron Starter Kit 0-125°C (Measurement 

Systems LTD) was used. Selection of recombinant and 

transformed clones was carried out with antibiotics. For that 

purpose, media were supplemented with antibiotics to a final 

concentration 30 μg/mL of kanamycin (Kan) or 100 μg/mL of 

hygromycin B (HygB). Plates of T. thermophilus were kept at room 

temperature for short-term storage and pellets of cells in stationary 

phase were frozen at -20 °C for long-term storage. T. thermophilus 

was transformed by natural competence. An overnight culture was 

grown until it reached stationary phase. This pre-inoculum was 

used to inoculate a new culture with an OD600 of 0.05, which was 

grown to OD600 of 0.3-0.4. Then, 100 ng of DNA were added to 

0.5 mL of this culture. After 4 h incubation at 60 °C, an appropriate 

dilution of cells were spread out on TB plates with the desired 

antibiotic and incubated for 48 h. Dilution assay on plate was 
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performed similarly; after transforming and incubating for 4 h, cells 

were serially diluted 10-fold and 10 μL droplets were plated on 

selective TB plates. 

 

epPCR 

The epPCR protocol modifies the conventional PCR conditions, 

e.g. by addition of MnCl2, higher concentration of MgCl2 and 

unbalanced dNTP concentrations.177 NZYTaq DNA polymerase 

(NZYTech) has been used, as Taq polymerase lacks a 3’→5’ 

proofreading exonuclease activity, which is translated into a high 

intrinsic error rate (8x10-6 mutations per bp per duplication).178 

Primers were designed to be around 20 bp upstream or 

downstream, respectively, of the gene to ensure an adequate 

subsequent DNA digestion of the PCR product. To carry out the 

epPCR on halotag, the oligonucleotides ep_pslpA and 

ep_pNCH_rv/ ep_pNCK_rv were used. 

Concentration of Mn2+ in the reaction mix affects the mutation rate 

of the polymerase.102 Therefore, for the gene halotag, three 

different Mn2+ concentrations were checked, specifically, 0.2, 0.3 

and 0.5 mM. The reaction mix and the thermocycler program for 

the epPCR are described in Table 6-7  

 
Component Final concentration 

Nuclease-free water Up to 100 µl 

Mutagenesis buffer 10X 1x 

dNTPs unbalanced 0.35 mM A; 0.2mM G; 0.4 mM C; 1.35mM T 

MnCl2 0.2/;0.3/0.5 

Oligo fd 0.5 µM 

Oligo rv 0.5 µM 

Template DNA 5 ng 

NZYTaq DNA polymerase 5 U 

Table 6 : Reaction mix for epPCR in halotag gene.  

Cycle Step Temperature (°C) Time (min) 
1 Denaturation 95 3 

2 to 31 Denaturation 95 1 

 Annealing 59 1 

 Elongation 72 1 

32 Elongation 72 10 

Table 7 Thermocycler program for epPCR  
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 The halotag, which was encoded into the E. coli-T. thermophilus 

shuttle plasmid pNCK/H,179 was randomized by epPCR as 

mentioned above. The epPCR products were digested with Not I 

and Nco I, cloned in plasmid pNCK/h  and transformed in E. coli 

XL10Gold. To obtain an overview of the mutational rate, 10 

different colonies of each Mn2+ concentration library were picked 

and sequenced with the primer pslpA_fw. 

 

Selection of improved variants 

Enzyme variants obtained by random mutagenesis were explored 

by a selection step at high temperature in T. thermophilus as a 

host. In this case, transformants expressing parental protein 

Halotag, could not grow. Thus, selection conditions, i.e. 

temperature and HygB/Kan concentration, were tested in order to 

identify thermostable clones. Once selection conditions were 

established, the resulting pNCK-epPCRhalotag or pNCH-

epPCRhalotag library was transformed in T. thermophilus 

HB27EC. 

To verify at which temperature and HygB/Kan concentration 

transformants expressing Halotag could not grow, three different 

temperatures (63, 65  and 67 °C) and four HygB/Kan 

concentrations (30, 45, 100 and 150 μg/mL) were evaluated. 

Likewise, four temperatures (60, 63, 65 and 67 °C) and three 

HygB/Kan concentrations (30, 45, 100 and 150 μg/mL ) were 

analysed to check that transformants expressing wild-type Halotag 

could not grow. 
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PRODUCTION OF A NEW AGTS’ SUBSTRATE BASED 
ON A DNA TRIPLEX 
 

Introduction 
DNA damage caused by endogenous and exogenous mutagens, 

often associated to the insurgence of several diseases, is 

counteracted by cellular protection multi-enzymatic mechanisms, 

as the base excision repair (BER), the mismatch repair (MMR) and 

the nucleotide excision repair (NER) [Liu et.al.,2006], whereas a 

direct damage reversal activity of unique enzymes is performed by 

dioxygenases and AGTs [Zhong et al., 2010; Pegg 

2011;Mattossovich et al., 2020]. The latter enzymes, as above 

described, indeed represent the major factor in contrasting the 

effects of alkylating agents that form such adducts [Pegg, 2011]. 

Recently, an unexpected role of AGTs in meiosis and early 

development under physiological conditions in Caenorhabditis 

elegans has reported [Serpe et al., 2019]. Additionally, human 

methyltransferase (MGMT) protects cancer cells from the cytotoxic 

effect of alkylating agents-based chemotherapy [Kaina et al.,  

2019]. For these reasons, this enzyme has crucial clinical 

importance, and the development of MGMT inactivators/inhibitors 

to be used in combination with this kind of chemotherapy is 

constantly evolving. Because of this clinical relevance, tests are 

needed that can measure methyltransferase activity reliably and 

rapidly. As explained in the Introduction Section, over the past forty 

years, assays based on the use of oligonucleotides carrying 

radioactive O6-MG groups and chromatographic separations have 

been developed [Klein et al.,1992;Luu et al.,2002;Tintorè et 

al.,2010].These assays are very time-consuming and dangerous. 

Recently, however, alternative fluorescence-based tests have been 

developed that allow simple and rapid detection of MGMT activity. 

Among these, a chemo-sensor was designed that couples the 

fluorescence change to the bond-breaking phase that occurs 

during the repair activity. [Beharry et al.,2016;Wilson et al.,2018] 

Other approaches employing optically labelled DNA aptamers, 

[Tintorè et al.,2010] DNA-based electrochemical sensors [Chen et 

al.,2020] or double-stranded DNA oligonucleotides containing O6-

MG (dsDNA) competing with fluorescent substrates [Elder et 

al.,1994; Goodtzova et al.,1997; Vettone et al.,2016; Morrone et 

al.,2017;Mattossovich et al.,2020] have also been proposed. The 
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latter tests have several advantages, including ease of use and 

high sensitivity, but are unable to test the activity of all AGTs and 

perform efficient monitoring based on the activity of DNA repair 

enzymes. 

DNA Nanotechnology offers a promising approach to rationally 

design responsive DNA-based nanodevices and nanoswitches that 

can be applied for many different applications including sensing 

[Zhang et al., 2018; Ranallo et al., 2018]. Because of the high 

programmability and predictability of DNA/DNA interactions 

[Seeman et al., 2018], the possibility to synthesize at low cost DNA 

strands modified with different signalling labels or recognition 

elements, it is, in fact, straightforward to design DNA sequences 

that can respond to chemical and biological stimuli and give a 

measurable optical [Krishnan et al., 2011; Rossetti et al., 2018;] or 

electrochemical signal [Kang et al., 2017]. Many DNA-based 

devices have been developed in the recent years for the detection 

of complementary nucleic acid sequences [Chandrasekaran et al., 

2016; Das et al., 2020], proteins [Farag et al.,2021], antibodies 

[Ranallo et al., 2015] and small molecules [Rossetti et al., 2018]. 

Moreover, employing non-conventional DNA/DNA interactions, 

many groups have demonstrated the possibility to detect metal 

ions and pH variations using T-T mismatches [Porchetta et al., 

2013] and pH-responsive domains like cytosine-rich i-motifs [Xu et 

al., 2017] and DNA triplexes [Hu et al., 2017; Patino et al., 2019; 

Chandrasekaran et al., 2018]. Therefore the DNA nanotechnology 

offers the possibility to create DNA nanodevices to monitor DNA 

repair activity. 

 

 

Results and discussion. 
For the evaluation of methyltransferase activity, in collaboration 

with Prof. Ricci of the University of Rome – Tor Vergata, a single-

stranded DNA oligonucleotide-based DNA Triplex (defined as 

nanoswitches) was designed, able of forming an intramolecular 

triplex structure through hydrogen bonds (Hoogsteen interactions) 

between a hairpin duplex domain and a triplex-forming portion a 

single filament. [Idili et al.,2014] 

To this aim, three nanoswitches were synthesized showing the 

same triplex forming domains (i.e., 4 cytosines + 6 thymines) but 

different in O6-MG content in the hairpin duplex domain (0, 1 and 
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2). It was initially hypothesized that the presence of an O6-MG on 

DNA nanoswitches (a natural substrate of AGT) could hinder the 

formation of the Hoogsteen hydrogen bond with cytosine on single-

stranded DNA (Figure 19a), thus influencing the pH-dependent 

triplex folding/unfolding behaviour of the nanoswitch. The 

nanoswitches are also labelled with a pH-insensitive FRET pair to 

follow pH-dependent folding/unfolding (Figure 19b). Specifically, a 

cyanine-3 fluorophore (Cy3) is internally conjugated in the loop of 

the hairpin duplex DNA, and a cyanine-5 fluorophore (Cy5) is 

linked at the 3′- end of the triplex-forming DNA portion. 

To prove the effect of O6-MG on the triplex formation, we tested 

the pH-dependent folding/ unfolding behaviour of our three 

nanoswitches by measuring the fluorescence signal of our FRET 

pair at a fixed concentration of the nanoswitch and different pH 

values. Our control triplex nanoswitch (T, Figure 19, top), which 

lacks of any O6-MG in its sequence, shows signals that are 

consistent with the formation of a folded triplex at acid pH (pH 5.0), 

suggesting the deployment of the triplex structure at basic pH 

values (pH 8.5) [Farag et al. 2021]. The pH of semi-protonation 

(here defined as pKa, the average pKa due to several interacting 

protonation sites) for this triplex nanoswitch is 7.5 (Figure 19 c,d 

top). The presence of one O6-MG (T1M, Figure 19, centre) in the 

hairpin duplex (at position 7) strongly undermines 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 pKa of 7.0 

(Figures 19 c,d centre) [Farag et al. 2021]. Finally, the nanoswitch 

containing two O6-MG (T2M, at position 4 and 7; Figure 19, 

bottom) is even more destabilized and the pH titration curve with 

this switch does not reach a plateau at lower pH values, 

suggesting a pKa lower than 6.0 (Figures 19 c,d bottom) [Farag et 

al. 2021]. These results were confirmed by melting and urea 

denaturation experiments performed at different pHs e with CD 

spectra experiments [Farag et al. 2021]. 
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Figure 19: 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 N3 of cytosine in the third strand (top, left). 

Methylation of the guanine in the O6-position destabilizes the triplex 

conformation. b) Programmable DNA-based triplex nanoswitches designed to 

form an intramolecular triplex structure with 0 (T), 1 (T1M) or 2 (T2M) O6-MG 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 PBS 1X buffer.  
 

 

To better understand the effect that guanine methylation has on 

the stability of our triplex nanoswitches, an overall molecular 

dynamics (MD) simulations was performed. As expected, the 

control T is the most stable, followed by the T1M and then by the 

T2M. These results provide an atomic-level understanding of the 

triplex stability, indicating that the efficient Hoogsteen base pairing 

is critical C-G:C+ triplet and shows that the O6-methylation of 

guanine hampers the efficient interaction with the Hoogsteen 

pairing cytosine. 

These results convinced us to utilise these triplex nanoswitches 

as suitable substrate for monitoring the methyltransferase activity 

of AGTs. Indeed, the enzymatic removal of the methyl group of O6-
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MG in the nanoswitches would re-establish the optimal conditions 

for the Hoogsteen interactions and the triplex formation by the 

nanoswitch. This was achieved with a series of experiments. By 

the above-mentioned indirect assay using a fluorescein derivative 

of O6-benzyl-guanine (BG-VG) [Perugino et al.,2012;Vettone et 

al.,2015; Mattossovich et al.,2020; 33], I confirmed that T1M and 

T2M are suitable substrates for AGTs (Figure 20a). I first 

demonstrated that no interaction occurs between the nanoswitch 

and the fluorescently labelled substrate in the absence of the 

protein. As expected, separate visible bands can be observed for 

both the BG-VG fluorescent derivative and the three DNA 

nanoswitches tested (Figure 20b). Several AGTs were pre-

incubated with DNA nano-switches and then we added an 

equimolar amount of the BG-VG, which interacts with the free 

enzymes in the solution (Figure 20b). In the case of MGMT, a 

fluorescent protein band was observed in the presence of T, 

demonstrating that no repair reaction occurred on this DNA 

oligonucleotide (Figure 20b). Conversely, the reaction with the T1M 

and the T2M showed a complete absence of the fluorescent band 

(Figure 20b). This is due to the suicide nature of these class of 

enzymes, [Pegg 2011] since the methyl group is irreversibly 

transferred to the enzyme, which is no longer available for the 

fluorescent BG-VG, thus demonstrating that methylated 

nanoswitches are effective substrates for hMGMT. The same 

results were further confirmed using the SsOGT enzyme [Morrone 

et al.,2017; Mattossovich et al 2020; Perugino et al.,2012,2015] 

and, mainly, the homolog of E. coli (Ada-C). In the latter case, it is 

noteworthy indicate that Ada-C is completely insensitive to O6-BG 

derivatives, hampering any fluorescent indirect assay with these 

kind of substrates [Elder et al.,1994; Goodtzova et al.,1997]. The 

absence of any fluorescent bands, despite being correctly loaded 

confirmed by coomassie staining, demonstrated its total 

insensitivity to BG-VG (Figure 20b). However, because the 

migration of T2M was similar to T and T1M after the reaction with 

Ada-C, whereas in absence of any AGT the former has a migration 

different from the latters (Figure 20b), suggests that an enzymatic 

activity took place. So these innovative DNA Triplexes could be 

proposed as universal AGTs’ substrates. 

The methylated DNA triplex nanoswitches are also highly specific 

as they showed no enzymatic activity when incubated with H5, that 

was previously reported to be catalytically active on O6-BG 
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derivatives, but unable to bind and react with double-strands DNA 

[Perugino et al., 2012, Vettone et al., 2016; Rossi et al., 2018].  
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 20: Characterization of triplex nanoswitches as suitable substrates of 

methyltransferase enzymes a) The alkyl transfer suicide reaction between the 

enzyme and a DNA methylated triplex hampers the covalent bond between the 

enzyme and the fluorescein group. b) SDS-PAGE images of reactions in which 

different enzymes after pre-incubation with the DNA nanoswitches and then 

reacted with the BG-VG 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 T2M nanoswitch compared 

to the other Triplex switches. The experiments were performed by pre-incubating 

for 60 min the different AGT enzymes with the relevant triplex nanoswitches and 

then adding the BG-VG. Samples were then loaded on 15% acrylamide SDS-

PAGE. Gels underwent Coomassie staining for the determination and correction 

of the protein amount loaded.  

a)

b)

25 kDa 

20 kDa 

17 kDa 

11 kDa 

1-Me T 

T 

or 

BG 

T 1-
Me T

 
2-

Me T
 

E. coli Ada-C 

C F 

C F 

1-Me T 

T 

or 

BG 

- T 1-
Me T

 
2-

Me T
 

hMGMT 

25 kDa 

20 kDa 

17 kDa 

11 kDa 

or 

C F 

1-Me T 

T 

or 

2-Me T 

BG 

T 1-
Me T

 
2-

Me T
 

no protein 

25 kDa 

20 kDa 

17 kDa 

11 kDa 

C F 

1-Me T 

T 

or 

BG 

- T 1-
Me T

 
2-

Me T
 

SsOGT-H5 

2-Me T 

25 kDa 

20 kDa 

17 kDa 

11 kDa 

C F 

1-Me T 

T 

or 

BG 

- T 1-
Me T

 
2-

Me T
 

SsOGT 

or 



 69 

 

It was then tested whether methyltransferase repair activity on 

our nano-switches could result in a conformational switch and 

consequent measurable change in the FRET signal, 

recommending a means of direct detection of MGMT enzyme 

activity (Figure 21 b). As expected, no significant difference can be 

observed in the FRET signal of the control T, before (1.9 ± 0.1) and 

after (2.1 ± 0.1) the MGMT incubation (Figure 21c, left). Under the 

experimental conditions used, both fluorescence spectra suggest 

that the unmethylated triplex switch is fully bent (at pH 5.0). The 

same experiment conducted using T1M and T2M shows, however, 

a strong difference in FRET signals before and after MGMT 

incubation (Figure 21c, centre, right) confirming a partially 

explained configuration. The MGMT enzymatically removes the 

methyl group in the O6 position in the nano-triplex switches and 

restore their ability to form a triplex structure. It is particularly clear 

for the T2M: it shows a FRET signal (1.9 ± 0.1) after MGMT 

incubation i.e. within the error of the T (2.1 ± 0.1) (Figure 21 d). 

Both methylated triplex nanoswitches show a change in the relative 

FRET values that are linearly dependent on the concentration of 

MGMT in the range between 0.5 and 5 mM (R2 = 0.99, R2 = 0.95) 

(Figure 21 e). Similar experiments were also performed with other 

AGTs, (Figure 21 f). As expected, H5 produced no effect on the 

FRET signal of both nanoswitches (Figure 21 f), once again 

confirming the specificity of the folding-upon-repair mechanism. To 

demonstrate the possibility of using this platform in more complex 

media, we have also performed the measurement of the enzymatic 

activity of MGMT in 10% serum and observed FRET signal 

changes well distinguishable from the control experiment in 

absence of enzyme [Farag et al., 2021]. Given that, this innovative 

approach could be useful for the determination of the mDNA 

content, as well as the study and characterization of novel MGMT 

inhibitors as possible drug candidates [Kaina et al.,2019]. In this 

case, these nanoswitches were tested to measure the activity of 

the human enzyme in the presence of inhibitors, inactivators or 

pseudo-substrates.  
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Figure 21: Detection of methyltransferase activity with triplex nano- switches. a) 

AGTs activity on T1M and T2M 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 signalling. c) Spectra 

and d) relative FRET signals obtained with the Triplex nanoswitches before and 

after incubation with 5 mM (0.1 mg mL-1) MGMT. e) Relative FRET signals 

observed at different MGMT concentrations for T1M and T2M. f) Relative FRET 

signals with different AGTs. 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 mM) in the absence or 

presence of AGTs (0.1 mg mL-1) in 10 mL solution of PBS 1X pH 7.5 at 30 °C for 

60 minutes. The reaction mixtures were then diluted to 100 mL using PBS 1X at 

pH 5.0, and heat-inactivated for 2 minutes at 70 °C before performing the 

fluorescence spectra at 25 °C. 

 

Adding an MGMT inhibitor to the reaction mixture should prevent 

the enzyme from repairing the methylated DNA and no significant 

change in the nanoswitch FRET signal should be observed (Figure 

22 a). As a first evaluation, O6-BG, a widely characterized 

methyltransferase inactivator, was tested [Reinhard et al.,2001]. 

The relative FRET signal of the nanoswitch incubated with MGMT 
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and O6-BG (Figure 22 b, gray line) is, at 0.8 ± 0.1, similar to the 

values observed in the absence of enzyme (Figure 21 b, black line) 

an effect consistent with the inactivation of MGMT activity by O6-

BG. The measured inactivation is concentration dependent, it 

increases with an increase in inhibitor concentration with a 

measured IC50 = 3.5 ± 2 mM (Figure 22 c). Furthermore, this 

platform is able to measure the inactivation efficiency of several 

molecules including 4-azido-N- (4- (hydroxymethyl) benzyl) 

butanamide (BGN3) (N- (4 - (((2-amino- 9H-purin -6-yl) oxy) - 

methyl) benzyl)-4-azidobutanamide (BGSN), and Lomeguatrib, et 

al., 2000;Merlo et al.,2019; Farag et al.2021], demonstrating once 

again the versatility of this assay (Figure 22 d). 

 

 

Conclusions 
Intramolecular DNA nanoswitches containing O6-MG residues 

undergo the duplex-to-triplex conformational transition after 

enzymatic de-methylation. I demonstrate that the presence of a 

methyl group in the O6 position of a guanine in the duplex portion 

of the nanoswitch strongly affects the formation of the triplex. 

Molecular simulations were used to establish how methylation of 

guanine bases prevents the efficient formation of Hoogsteen 

interactions with cytosine in the triplex formation domain, resulting 

in a local unwinding of the triplex structure. 

Triplex-based methylated nanoswitches are versatile tools for 

direct measurement of AGT activity. This innovative approach is 

applicable for all AGTs, as I successfully demonstrated by using 

evolutionarily distant AGTs from all the domains of life, which 

efficiently recognize these DNA oligonucleotides, leading to 

measurable changes in the FRET signal after the reaction. The fact 

that these enzymes show different reaction conditions and, mainly, 

different substrate specificities [Goodtzova, 1997; Pegg, 2011; 

Perugino, 2012], suggest that these DNA-based nanoswitches are 

universal AGT substrates. Finally, it was also measured the activity 

of MGMT in the presence of enzymatic inactivators, demonstrating 

the possibility of using our nanoswitches for the screening of new 

potential inactivators/pseudo-substrates/inhibitors of MGMT [Kaina, 

2019]. 
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Figure 22: Detection of AGTs inhibitors. a) Pre-incubation of the enzyme with an 

inhibitor (here O
6
-BG) leads to irreversible inhibition of the enzyme that is thus 

not able to demethylate the DNA nanoswitch. b) Spectra obtained with the T2M  

in the presence of MGMT (5 mM) before and after incubation with the inhibitor 

O6-BG (5 mM). c) % Inhibition plot obtained at different concentrations of O6-BG 

inhibitor. d) % Inhibition obtained with the T2M with an equimolar concentration 

of different enzymatic inhibitors and MGMT (5 mM). 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 incubation of 5 mM MGMT 

and inhibitor at 30 °C for 60 minutes in 10 mL PBS 1x at pH 7.5. T2M (0.5 mM) 

was then added to the reaction mixtures and incubated for another 60 min at 30 

°C. The reaction mixtures were diluted to 100 mL using PBS 1X at pH 5.0, and 

heat-inactivated for 2 minutes at 70 °C before performing the fluorescence 

spectra at 25°C.  

 

 

The triplex-based nanoswitch assay offers several advantages 

over other conventional methodologies currently used to test 

AGTs’ activity, as largely explained in the Introduction Section. The 

strength of this innovative substrate is that it gives a direct and in 

real-time assay; quick, allowing AGT activity to be measured in 

minutes; safety; and it resemble to a natural AGT substrate 

(mDNA). 

 This results could be a proof of concept, suggesting to rationally 

design other fold-based DNA nanoswitches as application tools in 

the measurement and determination of a wide range of enzymes 

involved in other DNA repair activities. Since mutations on the 

nitrogenous bases could affect the DNA-DNA thermodynamic 
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interactions, it would, in fact, be simple to design programmable 

DNA nanoswitches that can undergo a conformational change in 

response to a specific DNA repair activity. As DNA repair activities 

are involved in many diseases, including cancer, these tools could 

be useful as high-throughput platforms for drug discovery. 

  

 

Experimental Procedures 
 
Reagents and Materials 

All reagent-grade chemicals, including Na2HPO4, NaCl, 

Phosphate buffered saline, Dimethyl sulfoxide (DMSO) (all from 

Sigma-Aldrich, Italy), were used as received. SNAP-Vista Green® 

fluorescent substrate was from New England Biolabs (Ipswich, 

MA). Synthetic oligonucleotides were from Eurofins (Milan, Italy); 

Pfu DNA polymerase 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. The 

inhibitor O6-benzyl-guanine (O6-BG) was from Sigma-Aldrich, 

(Italy). The 4-azido-N-(4-(hydroxymethyl) benzyl) butanamide 

(BGN3) and the (N-(4-(((2-amino-9H-purin-6-yl)oxy)methyl)benzyl)-

4-azidobutanamide (BGSN) were a gift of Prof. Alberto Minassi 

(University of Piemonte Orientale, Novara). Lomeguatrib (5 mg) 

was obtained as a dry white powder from Sigma-Aldrich, St. Louis, 

Missouri.  

 

Oligonucleotides 

Oligonucleotides and DNA-based receptors employed in this 

work were synthesized, labelled, and purified (HPLC and reverse-

phase) by IBA GmBH (Göttingen, Germany) and used without 

further purification. Unless otherwise stated the labeled 

oligonucleotides were dissolved in phosphate buffer at a 

concentration of 100 µM. The final concentration of the 

oligonucleotides was confirmed using Tecan Infinite M200pro 

(Mannedorf, Switzerland) through the NanoQuant Plate. The 

sequences of the DNA constructs are reported in table. 

 

DNA constructs, protein expression and purification 

The commercial MGMT cDNA (from a glycerol stock MGC 

Human MGMT Sequence-Verified Dharmacon) was cloned in the 

Quiagen pQE31TM (Hilden, Germany) as previously described for 
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SsOGT and its relative mutant H5,[1] by using specific synthesized 

primers (Eurofins):MGMT-fwd and MGMTrv which possess the 

BamH I and Hind III (New England Biolabs, Ipswich, MA) cloning 

sites, respectively. The insertion of fragment (628 bp) in the pQE31 

vector was in frame and downstream of a hexahistidine tag, for the 

subsequent purification procedures. 

The cloning procedures for E. coli Ada-C gene followed a 

different strategy. The genomic DNA of E. coli strain DH5α was 

used as the DNA template for the gene amplification by using 

primers Lig3/Lig5AdaC (table 8)  

A DNA fragment of 580 bp was obtained and directly cloned into 

the expression vector pHTP1 (NZYTech, Portugal). The ligation 

mixture was entirely used to transform commercial E. coli DH5α 

cells (NZY5α Competent Cells- NZYTech, Portugal). For both the 

cloning procedures positive clones were confirmed by DNA 

sequencing. All AGT proteins were expressed and purified by 

following a previously described protocol. 

 

 

 
Table 8 :list of oligonucleotides 

 
 
SDS-PAGE gel-imaging AGT assay 

This method is used for the evaluation of AGTs activity with 

nanoswitches by using a fluorescein derivative of the O6-BG 

(SNAP-Vista Green®) as substrate. In each sample, 5.0 μM of 

protein (0,1 mg/mL) was incubated at a specific temperature (30°C 

for hMGMT and Ada-C; 40°C for SsOGT and SsOGT-H5) with 10 

μM of each nanoswitch in a total volume of 10 μL of Reaction 

Buffer (50 mM phosphate, 150 mM NaCl; pH 6.5) for 60 min. Then, 

SNAP-Vista Green® was added to the solution at a final 

concentration of 5 μM and incubated again at the same 

temperature and time. Samples were boiled and directly loaded on 

15% acrylamide SDS-PAGE. Bands were detected by direct gel-

name sequence note 
Triplex (T) 5’-aaggaagaagttt(cy3)cttcttccttctttgttccttcttc(cy-5)-3’ Farad et al 2021 

Triplex 1Me  5’-aaggaa(O6-MG)aagttt(cy3)cttcttccttctttgttccttcttc(cy5)-3’ Farad et al 2021 

Triplex 2Me 5’-aag(O6-MG)aa(O6-MG)aagttt(cy3)cttcttccttctttgttccttcttc(cy5)-3’ Farad et al 2021 

MGMT fwd 5’-aatgatggatccaatggacaaggattgtg-3’ Farad et al 2021 

MGMT rv 5’ ttcgatcaagcttatcagtttcggccagcagg 3’ Farad et al 2021 

Lig5AdaC 5’tcagcaagggctgagggccatggcggctaaacaattcc-3’ Farad et al 2021 

Lig3AdaC 5’-cctcagcggaagctgaggttacctctcctcattttcagc-3’ Farad et al 2021 
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imaging using the VersaDoc 4000TM system (Bio-Rad), performing 

a double acquisition by applying as excitation/emission parameters 

a BLUE LED/530 and GREEN LED/605 bandpass filters, for the 

determination of fluorescent-labeled proteins and Cy5-based 

triplexes, respectively. Then, gels underwent Coomassie staining 

for the determination and correction of the protein amount loaded. 

 
Fluorescence measurements 

 
Fluorescence measurements were carried out on a Cary Eclipse 

Fluorimeter (Varian), setting excitation wavelength to λex = 530 nm 

(slitex= 5 nm) and acquisition between 545 and 700 nm (slitem = 10 

nm) using quartz cuvettes of microvolume (100 µL). All 

measurements were performed at T = 25 °C in 50 mM Na2HPO4 

buffer, 250 mM NaCl at pH 5.0. For detection of methyltransferase 

activity, nanoswitches were first diluted in 50 mM Na2HPO4 buffer, 

150 mM NaCl at pH 7.5 to a concentration of 1 µM. Then in a 10 

µL solution of 50 mM Na2HPO4 buffer, 150 mM NaCl, we prepared 

an enzymatic reaction mixture of 0.5 µM nanoswitches in the 

absence and presence of 5 µM AGTs (0.1 µg/µl). The reaction 

mixtures were incubated at a certain temperature and time for each 

enzyme; (60 minutes at 30°C for MGMT and E. coli Ada-C) and (30 

minutes at 70 °C for the thermostable SsOGT and SsOGT-H5). All 

the mixtures were heat-inactivated after the enzymatic reaction by 

incubating at 70 °C for 2 minutes (when using the thermostable 

SsOGT and SsOGT-H5 heat inactivation was performed at 90 °C 

for 10 minutes). Fluorescence measurements were conducted at 

25 °C by diluting the reaction mixtures to 100 µl using 50 mM 

Na2HPO4
 buffer, 250 mM NaCl at pH 5.0. Test of inhibitor activity 

was performed by first dissolving all the inhibitors in DMSO to a 

concentration of 10 mM. Inhibition reactions were conducted in an 

equimolar concentration of MGMT (0.125 µg/µl) and different 

inhibitors (5 µM) at 30 °C for 60 minutes in a 10 µl solution of 50 

mM Na2HPO4 buffer, 150 mM NaCl at pH 7.5. 0.5 µM of 2-Me 

triplex nanoswitch was then added to the reaction mixtures to 

interact with the remaining active MGMT and incubated for another 

60 minutes at 30 °C. The reaction mixture was heat-inactivated 

after the enzymatic reaction by incubating at 70 °C for 2 minutes. 

Fluorescence measurements were conducted at 25 °C by diluting 

the reaction mixtures to 100 µl using 50 mM Na2HPO4 buffer, 250 

mM NaCl at pH 5.0. 
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Fluorescence data analysis 

The ratiometric FRET has been calculated as follows:  

Rat. FRET= FCy5 / FCy3 

Where FCy5 is the maximum fluorescence emission of Cy5 (λem = 

670 nm) and FCy3 is the maximum fluorescence emission of Cy3 

(λem = 565 nm). The pH titration curves were obtained by plotting  

 

Rat.FRET vs pH, and fitting the data with the following Langmuir-

type equation:  

 

Where Rat.FRETTriplex and Rat.FRETDuplex represent the FRET 

signal of the Triplex Switch in the triplex (closed, pH = 5.0) and 

duplex state (open, pH = 8.5), respectively, and where [H+] 

represents the total concentration of hydrogen ions and KD is the 

observed acid constant for the switch. 

Inhibition percentage for different inhibitors was calculated as 

follows:  

 

 

Where Rat.FRETinh is the FRET signal of the 2MT nanoswitch 

measured after the pre-incubation of different inhibitors with (0.1 

µg/µl) MGMT at pH 5.0, Rat.FRET2-Me triplex, unmethylated, and 

Rat.FRET 2-Me Triplex represent the FRET signal of the 2MT switch at 

pH = 5.0) after the incubation with (0.1 µg/µl) MGMT and in the 

absence of MGMT at pH = 5.0, respectively. 

 

 

 

 

 

 

 

 

Triplex	Fraction = Ratiometric	FRET + (
[H+] ∗ (Rat. FRETTriplex − Rat. FRETDuplex )

[H+] ∗ KD
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Molecular Dynamics (MD) simulations 

 

Simulation protocol 
 

All simulated model systems were composed of a single DNA 

molecule sequence 5’–AAGGAAGAAG [TTT] CTTCTTCCTT 

[CTTTG] TTCCTTCTTC–3’ placed in 8 nm x 8 nm x 13 nm 

rectangular box, solvated with ~27,250 water molecules and 

sodium ions to neutralize the system. Based on this sequence, four 

triplex molecules were considered, composed of (a) conventional 

DNA bases; (b) protonated cytosines (at positions shown in italics 

and underlined in the sequence above); (c) protonated cytosines 

and O6-methylated guanine at position 7; (d) protonated cytosines 

and O6-methylated guanines at position 4 and 7 (bold, underlined). 

The initial structure of single-stranded DNA was obtained using the 

x3DNA package.[3] The DNA has been represented with Amber 

ff12SB force field, which includes the ff99bsc0 corrections for 

DNA.[4,5] This is a well-established force field for nucleic acid, which 

we have successfully employed in several recent articles.[6,7] The 

TIP3P model was used to represent water.[8] The electrostatic 

potential around each of the modified nucleobases (protonated 

cytosine and O6-methylated guanine) were computed from the 

geometries optimized at HF/6-31G* level of theory with Merz-

Kollman ESP fitting with Gaussian 09.[9] Next, this potential was 

used to compute atomic partial charges of the bases with Amber 

16 package.[10]  

MD simulations were performed with Gromacs 5 package[11] with 

Plumed 2.2.3 plugin.[12] The simulations were performed in NPT 

ensemble with the temperature kept at 310 K with v-rescale 

thermostat[13] and pressure at 1 bar with Parrinello-Rahman 

algorithm.[14] 

Periodic boundary conditions were applied and the particle mesh 

Ewald algorithm[15] was used to compute long-range electrostatic 

interactions with a real-space cut-off of 1 nm. All covalent bonds 

including hydrogen were restrained with the LINCS algorithm.[16] 

The leap-frog verlet algorithm was used to integrate equations of 

motion with a time step of 2 fs. 
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Single-stranded DNA folding to triplex conformation 

 

The structure of the DNA triplex was generated through de-novo 

design over ~60 ns of steered MD simulation of single-stranded 

DNA (ssDNA) with deprotonated cytosines. As a reference 

structure, the example of triplex topology from x3DNA was used. 

DNA folding was performed in four consecutive steps: initially the 

root mean squared deviation (RMSD) with respect to the duplex 

structure was used as a reaction coordinate for heavy atom 

positions of nucleobases 1 to 10 and 14 to 23. During the first ~20 

ns of the simulation, the center of a one-sided harmonic potential 

was moved with a constant speed from the initial value of the 

reaction coordinate (2.2 nm) to 0 nm with a force constant 

gradually increased from 500 kJ nm-2 to 7000 kJ nm-2. At the same 

time, the RMSD to the initial position of nucleobase heavy atoms of 

residues 14 to 38 was restrained using a harmonic biasing 

potential with a force constant of 7000 kJ nm-2. Next, the restraint 

for nucleobases 14 to 38 was removed and RMSD with respect to 

the nucleobase heavy atom position in the triplex structure was 

used for residues 1 to 10, 14 to 23 and 29 to 31 was used as a 

new reaction coordinate. In the next 8 ns of the simulation, the 

center of a one-sided harmonic potential was moved with a 

constant speed from the initial value of the reaction coordinate (2.3 

nm) to 0 nm with a force constant gradually increased from 500 kJ 

nm-2 to 7000 kJ nm-2. This step was further repeated for residues 1 

to 10, 14 to 23, 29 to 34 and for residues for residues 1 to 10, 14 to 

23, 29 to 38. Finally, additional 16 ns of simulation with restraint 

was produced in order to relax the position of the DNA backbone. 

The comparison of the final structure obtained with steered MD 

simulations to the reference triplex structure from x3dna resulted in 

RMSD for the nucleobase heavy atom position below 0.08 nm. 

 

 

Conventional MD simulations and analysis 

The initial structures of the protonated and methylated triplex 

switches were obtained by substituting the modified bases in the 

final structure of deprotonated triplex and subsequent minimization 

and 1 ns long simulation, during which RMSD of the initial position 

of nucleobase heavy atoms for residues 1 to 10, 14 to 23 and 29 to 

38 was restrained using a harmonic biasing potential with a force 

constant of 7000 kJ nm-2. For each of the considered systems, 3 
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replicas of 500 ns conventional MD simulation were performed. 

DNA structural parameters from the trajectories were computed 

using do_x3dna plugin[17] to VMD. All molecular images were 

created using VMD.[18] The graphs were prepared using matplotlib 

library of python.[19]  

 

Free energy simulations 

The free energy profiles for the triplex to duplex transition were 

computed in four considered systems (i.e., protonated 

unmethylated triplex; protonated 1-Me triplex; protonated 2-Me 

triplex; deprotonated unmethylated triplex) using replica-exchange 

umbrella sampling (REUS).[20] We used as a reaction coordinate 

(RC) the distance between two center of mass (COM): (i) the 

heavy atoms of 3’-terminal cytidine phosphate and (ii) the 

nucleobases that co-form the triplex plane with the terminal 

cytosine (panel A, Figure S13). The initial configurations for REUS 

simulations were obtained by performing ~600 ns-long steered-MD 

simulations, in which the distance between terminal cytidine and 

the nucleobases was increased from 1.15 nm to 8.35 nm using a 

one-sided harmonic potential with a force constant of 2500 kJ nm-2. 

The reaction coordinate was divided into 38 windows, with 0.1 nm 

spacing in the region of the RC from 1.15 to 1.35 nm, and with 0.2 

nm spacing in the remaining region of the RC. A force constant of 

1000 kJ nm-2 was used to restrain the RC at the given distance. 

500 ns long trajectories were obtained for each REUS window. For 

each window, the first ~100 ns were discarded from the analysis 

(being part of the system’s equilibration) and the final free energy 

profiles were obtained considering the equilibrated runs using the 

weighted histogram analysis method (WHAM).[21] Monte Carlo 

bootstrap method was used to estimate the uncertainties of the 

free energy profiles taking into account time series correlations. 

 

To characterize the impact of both protonation and methylation 

on the stability of the triplexes, the free energy profiles for the 

triplex to duplex transition have been computed for (i) protonated 

unmethylated triplex; (ii) protonated and 1-Me triplex; (iii) 

protonated and 2-Me triplex and (iv) deprotonated unmethylated 

triplex (Figure S13). For the protonated unmethylated triplex (black 

line), the unfolding process is strongly disfavored in the whole 

range of RC. In the 1-Me (green) and 2-Me protonated (blue) 

triplexes, we observe an initial increase of the free energy (i.e., at 
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RC ~1.2 nm), corresponding to the cost for the contact break 

between the 3’ terminal cytosine and the corresponding guanine. 

Then, the free energy profile reaches a plateau up to RC ~2.7 nm, 

corresponding to the unfolding process. This suggests that the 

unfolding could proceed spontaneously in this region. Next, above 

RC ~4.3 nm, the free energy rapidly increases with the RC for the 

1-Me triplex (green), showing that the process is strongly 

disfavored, similarly to the protonated triplex (black). On the other 

hand, in the case of the 2-Me system (blue), we observe a lower 

increase of the free energy with the RC, suggesting that further 

unfolding is easier up to RC ~6.15 nm. For the deprotonated 

unmethylated triplex (red), we initially observe a drop in free 

energy up to RC ~1.6 nm, which suggests that the unfolding is 

initially favored, as the deprotonated terminal cytosine does not 

form efficient Hoogsteen interactions with the corresponding 

guanine. The subsequent region of the free energy profile shows 

similarity to the 2-Me triplex (blue), yet the free energy cost is 

lower. These results indicate that the stability of the triplex systems 

is as it follows: the most stable is the protonated unmethylated 

triplex (black), followed by the protonated 1-Me (green), then by 

the protonated 2-Me triplex (blue), while the least stable is 

deprotonated unmethylated triplex (red).  

It is important to note that the computed values of the free energy 

profiles cannot be considered as absolute, due to the limitations of 

the force fields in describing single stranded DNA and the inability 

of the simulations to capture the protonation-deprotonation 

equilibria for cytosine. Nevertheless, the relative energetics depict 

a reasonable scenario in consistency with the experiments 

reported here. Accordingly, while the unfolding of the protonated 

triplex is highly disfavored, the cost for the unfolding of 1-Me triplex 

is moderately low in the region of RC ~1 to ~3.5 nm and the further 

unfolding is strongly disfavored. On the other hand, the free energy 

profiles for the 2-Me triplex and the deprotonated unmethylated 

triplex are comparable with each other, showing the lowest stability 

in the whole region of RC. 
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Folding-upon-Repair DNA Nanoswitches for Monitoring the Activity
of DNA Repair Enzymes
Nada Farag+, Rosanna Mattossovich+, Rosa Merlo, Łukasz 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 O6-methyl-guanine (O6-MeG)
nucleobases and labelled with a fluorophore/quencher optical
pair. The nanoswitches are rationally designed so that only
upon enzymatic demethylation of the O6-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,[1] or a direct
damage reversal by O6-methylguanine-DNA-methyltransfer-
ases (abbreviated here as AGTs).[2–4] The latter is a class of
evolutionarily conserved biocatalysts, able to directly and
irreversibly remove alkyl groups at the O6-position of
guanines on DNA in a single SN2-like reaction mechanism.

These enzymes, indeed, represent the major factor in
contrasting the effects of alkylating agents that form such
adducts.[2] On the other hand, human methyltransferase
(hMGMT) activity impacts the alkylating agent-based che-
motherapy in cancer cells.[2,5] For this reason, different
hMGMT inactivators/inhibitors are usually employed in
combination with this kind of chemotherapy.[2,6]

Because of the clinical relevance of AGTs, assays able to
measure their activity in a reliable and rapid way are
needed.[7] Most of the assays developed so far are based on
the use of oligonucleotides carrying radioactive O6-methyl-
guanine (O6-MeG) groups and chromatographic separa-
tions.[8–11] 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.[12,13]

Other approaches employing optically-labelled DNA aptam-
ers,[11] DNA-based electrochemical sensors[14] or O6-MeG-
containing double strands DNA (dsDNA) oligonucleotides in
competition with fluorescent substrates[4,15–18] 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.[19] 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,[20,21] metal ions,[22] small
molecules,[23,24] proteins,[25,26] or specific antibodies.[27,28] 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.[29]

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 O6-MeG that, upon enzymatic
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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-strandedDNA capable of forming
an intramolecular triplex structure through hydrogen bonds
(Hoogsteen interactions) between a hairpin duplex domain
and a single-strand triplex-forming portion.[30] 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 O6-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 O6 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

pair to follow pH-dependent folding/unfolding (Figure 1b).
To demonstrate the effect of O6-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 O6-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 pKa, the average pKa due to
several interacting protonation sites) for this triplex nano-
switch is 7.5 (Figure 1c,d top, and S1). The presence of one
O6-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 pKa of 7.0 (Figures 1c,d center, and S1).
Finally, the nanoswitch containing twoO6-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 pKa lower
than 6.0 (Figures 1c,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
the three nanoswitches fur-
ther support the formation
of pH-dependent Hoogs-
teen interactions (Fig-
ure S4).

To better understand
the effect that guanine
methylation has on the sta-
bility of our triplex nano-
switches we performed
overall molecular dynam-
ics (MD) simulations. We
first considered the non-
methylated nanoswitch
(Triplex switch) where all
cytosines involved in
Hoogsteen base pairing
are protonated (Fig-
ure 2a). Then, we intro-
duced the O6-MeG at posi-
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 > 4.5 ms of sam-
pling, including multiple
replicas and providing solid
statistics for the analysis of
the DNA triplex structural
changes. We focused on the

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 N3 of cytosine in the third strand (top, left) and thus are only stable at
acidic pH values (average pKa of protonated cytosines in C-G:C triplet is !6.5). Because it affects Hoogsteen
base pairing efficiency, methylation of the guanine in the O6-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) O6-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 88C, [nanoswitch]=50 nM by measuring the fluorescence
signal at different pH values in 50 mM Na2HPO4, 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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C17-G7:C+
35 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 G7:C+

35 paired Hoogsteen-forming bases, as defined
by Lu and Olson[31] (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 G7:C

+
35 Hoogsteen-forming bases at

the interface with each other (Figure 2c).
The narrow distributions of both the opening and distance

parameters for the C17-G7:C
+
35 triplet in the Triplex switch

(with an average value of 7388 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 O6-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 C20-G4:C+

32 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 C17-G7:C+

35 triplet during addi-

tional ! 1.5 ms 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-
phores on each switch. As
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 O6 position
prevents the efficient formation of Hoogsteen interactions
with the respective cytosine in the triplex-forming domain,
the O6-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 O6-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
O6-benzyl-guanine (O6-BG)[4,15,32, 33] (Figure 3a) to demon-
strate that O6-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 O6-BG fluorescent derivative
and the three DNA nanoswitches tested can be observed
(Figure S14). It is worth noting that the nanoswitch containing
two O6-MeGs (2-Me Triplex) shows a slightly, but significant,
higher mobility (marked by an asterisk in Figure 3c) 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 O6-BG

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 G7:C

+
35 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 G7:C

+
35 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 1Me- 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.
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fluorescent derivative that interacts with the free enzymes in
the solution (Figure 3b). In the case of hMGMT, a fluorescent
protein band was observed in the presence of the non-
methylated Triplex, suggesting that no repair reaction on this
DNA occurred (Figure 3c). On the contrary, 1-Me Triplex
nanoswitch and 2-Me Triplex nanoswitch, showed a complete
absence of the fluorescent band (Figure 3c). This is likely due
to the suicidal nature of methyltransferase enzymes,[3] as the
methyl group is irreversibly transferred to the enzyme, which
is no longer available for the O6-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 O6-alkylguanine in double-stranded DNA at high
temperatures[4,16,32,33] and the Escherichia coli homologue
(Ada-C), which is reported to be insensitive to O6-BG
derivatives.[17,18] In the latter case, the absence of the enzyme
fluorescent bands despite being correctly loaded as confirmed
by the Coomassie staining analysis (Figure 3c, E. coliAda-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-H5)

that was previously reported to be catalytically active on O6-
BG derivatives, but unable to bind and react with ds-
DNA.[4,32–35]

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

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 O6-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. hMGMT, SsOGT, E. coli Ada-C, SsOGT-H5) after pre-incubation
with the DNA nanoswitches and then reacted with the O6-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 O6-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.

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 mM (0.1 mgmL#1)
hMGMT. e) Relative FRET signals observed at different hMGMT
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 mM) in the absence or presence
of AGTs (0.1 mgmL#1) in 10 mL solution of 50 mM Na2HPO4 buffer,
150 mM NaCl, pH 7.5 at 30 88C for 60 minutes. The reaction mixtures
were then diluted to 100 mL using 50 mM Na2HPO4 buffer, 250 mM
NaCl at pH 5.0, and heat-inactivated for 2 minutes at 70 88C before
performing the fluorescence spectra at 25 88C.
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Triplex, 0.6" 0.1, Figure 4d). Upon hMGMT incubation, the
enzymatic demethylation of O6-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 (Kfolding and Kunfolding= 10 s#1 and
2 s#1, respectively)[36] and thus the rate-determining step in
these measurements is given by the enzyme-catalyzed reac-
tion. We found out that with hMGMTa 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 mM
(R2

2-Me Triplex= 0.99, R2
1-Me Triplex= 0.95) (Figure 4e). 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-H5 (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

more complex media, we have also performed the measure-
ment of the enzymatic activity of hMGMT 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,[37] 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 O6-BG, a widely
characterized methyltransferase inactivator.[38,39] The relative
FRET signal of the nanoswitch incubated with hMGMT and
O6-BG (Figure 5b, grey line) is, at 0.8" 0.1, similar to the
values observed in the absence of enzyme (Figure 5b, black
line) an effect consistent with the inactivation of hMGMT
activity by O6-BG. The measured inactivation, as expected,
follows a concentration-dependent behaviour with a mea-
sured IC50= 3.5" 2 mM (Figure 5c). 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,[40,41] O6-Benzylguanine (O6-BG),[42] demonstrating once
again its versatility (Figure 5d).

Conclusion

Here, we have designed folding-upon-repair DNA nano-
switches containingO6-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 guanineO6 position
in the duplex portion of the nanoswitch strongly affects the
triplex formation. Molecular simulations were used to deter-
mine how the O6-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 hMGMT.[37]

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

Figure 5. Detection of methyltransferase inhibitors. a) Pre-incubation
of the enzyme with an inhibitor (here O6-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 hMGMT (5 mM) before and after incubation with the
inhibitor O6-BG (5 mM). c) % Inhibition plot obtained at different
concentrations of O6-BG inhibitor. d) % Inhibition obtained with the 2-
Me Triplex nanoswitch with an equimolar concentration of different
enzymatic inhibitors and hMGMT (5 mM). 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 mM hMGMT and inhibitor at 30 88C for 60 minutes in 10 mL
solution of 50 mM Na2HPO4 buffer, 150 mM NaCl at pH 7.5. 2-Me
Triplex nanoswitch (0.5 mM) was then added to the reaction mixtures
and incubated for another 60 min at 30 88C. The reaction mixtures were
diluted to 100 mL using 50 mM Na2HPO4 buffer, 250 mM NaCl at
pH 5.0, and heat-inactivated for 2 minutes at 70 88C before performing
the fluorescence spectra at 25 88C.
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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
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.

Keywords (Hyper)thermophiles · Thermostable proteins · 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  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 



 Extremophiles

1 3

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
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(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 AFDR G T LMK- -RIH D L AEHL
_P_furiosus_PF1MILEVRKFQ V KNKAVYIGTL SEDKIFGIIF S IDE P EVIR H RI P T LINF L E
Consistency 05*4*4**5* 2465*4**47 243681**3* 64*4 1 3 656 0 011 1 0 7211 1

. . . . . . . . . 60 . . . . . . . . . 70 . . . . . . . . . 80 . . . . . . . . . 90 . . . . . . . . . 100
_P_kodarakaensi GKRGVSISLD V Q PSD YPEK V F KVLIG ELDN A SFLRELSFE GVTPFEKKVY
_P_furiosus_PF1KRLNKKLEIK E GNSGFS DVV F KTLIGKI SN E EAAEFIEVS YLTKFERKLY
Consistency 2624247473 2 21*363 6 2* **4 * **574* 342 3417434 06*3**6*6*

. . . . . . . . . 110 . . . . . . . . . 120 . . . . . . . . . 130 . . . . . . . . . 140 . . . . . . . . . 150
_P_kodarakaensi EW LT KN VKRG S V I TYGDLAK ALN TSPRAVG GAM K RNPYPI VV PCHRV V A H
_P_furiosus_PF1 I Y LV EN V K RG EVI TYGELAK ILNTSSRAVG AA VKRN P Y PI I V P CHRVIG R
Consistency 14 * 4 5 **** * 4** ***6*** 3****3**** 4*5* ****** 8***** * 8 43

. . . . . . . . . 160 . . . . . . . . . 170 . . . . . . .
_P_kodarakaensiDGIGYYSSGI E EK K FLLEIE GVKEW TS
_P_furiosus_PF1 KNPYLYTPKP EYK K FLLEVE G W TS-- -
Consistency 34103*5321 *2* * ****8* *03 4 000

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.

Acknowledgements This work was supported by Fondazione CARI-
PLO (Ricerca biomedical condotta da giovani ricercatori, project 
2016-0604).

References

Aliye N, Fabbretti A, Lupidi G, Tsekoa T, Spurio R (2015) Engineering 
color variants of green fluorescent protein (GFP) for thermostabil-
ity, pH-sensitivity, and improved folding kinetics. Appl Microbiol 
Biotechnol 99:1205–1216

Aoki K, Natsume A (2019) Overview of DNA methylation in adult 
diffuse gliomas. Brain Tumor Pathol 36:84–91

Ashby MC, Ibaraki K, Henley JM (2004) It’s green outside: track-
ing cell surface proteins with pH-sensitive GFP. Trends Neurosci 
27:257–261

Belkin S, Wirsen CO, Jannasch HW (1986) A new sulfur-reducing, 
extremely thermophilic eubacterium from a submarine thermal 
vent. App Environ Microbiol 51:1180–1185

Campbell TN, Choy FYM (2000) The effect of pH on green fluorescent 
protein: a brief review. Mol Biol Today 2:1–4

Chalfie M, Tu Y, Euskirchen G, Ward WW, Prasher DC (1994) Green 
fluorescent protein as a marker for gene expression. Science 
5148:802–805

Conners SB, Mongodin EF, Johnson MR, MonteroCI Nelson KE, Kelly 
RM (2006) Microbial biochemistry, physiology, and biotechnol-
ogy of hyperthermophilic Thermotoga species. FEMS Microb Rev 
30:872–905

Coulter R, Blandino M, Tomlinson JM, Pauly GT, Krajewska M, 
Moschel RC, Peterson LA, Pegg AE, Spratt TE (2007) Differences 
in the rate of repair of O6-alkylguanines in different sequence 
contexts by O6-alkylguanine-DNA alkyltransferase. Chem Res 
Toxicol 20:1966–1971

d’Ippolito G, Dipasquale L, Vella FM, Romano I, Gambacorta A, 
Cutignano A, Fontana A (2010) Hydrogen metabolism in the 
extreme thermophile Thermotoga neapolitana. Int J Hydrog En 
35:2290–2295

d’Ippolito G, Dipasquale L, Fontana A (2014) Recycling of carbon 
dioxide and acetate as lactic acid by the hydrogen-producing 
bacterium Thermotoga neapolitana. Chemsuschem 7:2678–2683

Daniels DS, Mol CD, Arvai AS, Kanugula S, Pegg AE, Tainer JA 
(2000) Active and alkylated human AGT structures: a novel 
zinc site, inhibitor and extrahelical base binding. EMBO J 
19:1719–1730

Daniels DS, Woo TT, Luu KX, Noll DM, Clarke ND, Pegg AE, Tainer 
JA (2004) DNA binding and nucleotide flipping by the human 
DNA repair protein AGT. Nat Struct Mol Biol 11:714–720

Del Prete S, Merlo R, Valenti A, Mattossovich R, Rossi M, Carginale 
M, Supuran CT, Perugino G, Capasso C (2019) Thermostabil-
ity enhancement of the α-carbonic anhydrase from Sulfurihy-
drogenibium yellowstonense by using the anchoring-and-self-
labelling-protein-tag system  (ASLtag). J Enz Inhib Med Chem 
34:946–954

Dipasquale L, d’Ippolito G, Fontana A (2014) Capnophilic lactic fer-
mentation and hydrogen synthesis by Thermotoga neapolitana: 
an unexpected deviation from the dark fermentation model. Int J 
Hydrog En 39:4857–4862

Table 4  Protein thermal 
stability by DSF method.

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

Conditions Tm (°C) Rate (min/°C × cycle) Notes

SsOGT PBS 1 × 80.0 ± 0.4 5 From Perug-
ino et al. 
(2015)

PBS 1 × 67.9 ± 1.1 10 This study
PBS 1 ×; NaCl 1.0 M 79.6 ± 0.3 10 This study
PBS 1 ×; NaCl 4.0 M 82.9 ± 0.4 10 This study
PBS 1 ×; SDS 0.01% 46.5 ± 1.7 10 This study

PfuOGT PBS 1 × 78.8 ± 0.4 10 This study
PBS 1 ×; NaCl 1.0 M 83.7 ± 0.3 10 This study
PBS 1 ×; NaCl 4.0 M 50.4 ± 2.1 10 This study
PBS 1 ×; SDS 0.01% 71.8 ± 0.3 10 This study



 Extremophiles

1 3

Donaldson T, Iozzino L, Deacon LJ, Billones H, Ausili A, D’Auria 
S, Dattelbaum JD (2017) Engineering a switch-based biosensor 
for arginine using a Thermotoga maritima periplasmic binding 
protein. An Biochem 525:60–66

Fang Q, Kanugula S, Pegg AE (2005) Function of domains of 
human O6-alkyl-guanine-DNA alkyltransferase. Biochemistry 
44:15396–15405

Fiala G, Stetter KO (1986) Pyrococcus furiosus sp. nov. represents 
a novel genus of marine heterotrophic archaebacteria growing 
optimally at 100 °C. Arch Microb 145:56–61

Fink M, Trunk S, Hall M, Schwab H, Steiner K (2016) Engineering 
of TM1459 from Thermotoga maritima for increased oxidative 
alkene cleavage activity. Front Microb. https ://doi.org/10.3389/
fmicb .2016.01511 

Gautier A, Juillerat A, Heinis C, Corrêa IR Jr, Kindermann M, Beau-
fils F, Johnsson K (2008) An engineered protein-tag for multi-
protein labeling in living cells. Chem Biol 15:128–136

Gronemeyer T, Chidley C, Juillerat A, Heinis C, Johnsson K (2006) 
Directed evolution of O6-alkylguanine-DNA alkyltransferase for 
applications in protein labeling. Prot Eng Des Sel 19:309–316

Hale CR, Zhao P, Olson S, Duff MO, Graveley BR, Wells L, Terns 
RM, Terns MP (2009) RNA-guided RNA cleavage by a CRISPR 
RNA-Cas protein complex. Cell 139:945–956

Han D, Xu Z (2017) Development of a pyrE-based selective system 
for Thermotoga sp. strain RQ7. Extremophiles 21:297–306

Hashimoto H, Inouel T, Nishioka M, Fujiwara S, Takagi M, Imanaka 
T, Kai Y (1999) Hyperthermostable protein structure main-
tained by intra and inter-helix ion-pairs in archaeal 06-methyl-
guanine-DNA methyltransferase. J Mol Biol 292:707–716

Hinner MJ, Johnsson K (2010) How to obtain labeled proteins and 
what to do with them. Curr Opin Biotechnol 21:766–776

Ishiguro K, Shyam K, Penketh PG, Sartorelli AC (2008) Develop-
ment of an O6-alkyl-guanine-DNA alkyltransferase assay based 
on covalent transfer of the benzyl moiety from [benzene-3H]O6-
benzylguanine to the protein. Anal Biochem 383:44–51

Jannasch HW, Huber R, Belkin S, Stetter KO (1988) Thermotoga 
neapolitana sp. nov. of the extremely thermophilic, eubacterial 
genus Thermotoga. Arch Microbiol 150:103–104

Juillerat A, Gronemeyer T, Keppler A, Gendreizig S, Pick H, Vogel H, 
Johnsson K (2003) Directed evolution of O6-alkylguanine-DNA 
alkyltransferase for efficient labeling of fusion proteins with small 
molecules in vivo. Chem Biol 10(4):313–317

Kengen SWM (2017) Pyrococcus furiosus, 30 years on. Microb Bio-
technol 10:1441–1444

Keppler A, Gendreizig S, Gronemeyer T, Pick H, Vogel Johnsson 
K (2003) A general method for the covalent labeling of fusion 
proteins with small molecules in vivo. Nat Biotechnol 21:86–89

Keppler A, Pick H, Arrivoli C, Vogel H, Johnsson K (2004) Labeling 
of fusion proteins with synthetic fluorophores in live cells. Proc 
Natl Acad Sci U S A 10:9955–9959

Leclere MM, Nishioka M, Yuasa T, Fujiwara S, Takagi M, Imanaka 
T (1998) The O6-methylguanine-DNA methyltransferase from 
the hyperthermophilic archaeon Pyrococcus sp. KOD1: a ther-
mostable repair enzyme. Mol Gen Genet 258:69–77

Lo-Gullo G, Mattossovich R, Perugino G, La Teana A, Londei P, 
Benelli D (2019) Optimization of an in vitro transcription/
translation system based on Sulfolobus solfataricus cell lysate. 
Archaea 1:1–10

Lundberg KS, Shoemaker DD, Adams MWW, Short JM, Sorge JA, 
Mathur EJ (1991) High-fidelity amplification using a thermosta-
ble DNA polymerase isolated from Pyrococcus furiosus. Gene 
108:1–6

Luu KX, Kanugula S, Pegg AE, Pauly GT, Moschel RC (2002) 
Repair of oligodeoxyribonucleotides by O6-alkylguanine-DNA 
alkyltransferase. Biochemistry 41:8689–8697

Merlo R, Del Prete S, Valenti A, Mattossovich R, Carginale V, 
Supuran CT, Capasso C, Perugino G (2019) An AGT-based 
protein-tag system for the labelling and surface immobilization 
of enzymes on E. coli outer membrane. J Enz Inhib Med Chem 
34:490–499

Miggiano R, Casazza V, Garavaglia S, Ciaramella M, Perugino G, 
Rizzi M, Rossi F (2013) Biochemical and structural studies of 
the Mycobacterium tuberculosis O6-methylguanine methyltrans-
ferase and mutated variants. J Bacteriol 195:2728–2736

Miggiano R, Valenti A, Rossi F, Rizzi M, Perugino G, Ciaramella 
M (2017) Every OGT is illuminated … by fluorescent and syn-
chrotron lights. Int J Mol Sci 18:2613–2631

Mishina Y, Duguid EM, He C (2006) Direct reversal of DNA alkyla-
tion damage. Chem Rev 106:215–232

Mollwitz B, Brunk E, Schmitt S, Pojer F, Bannwarth M, Schiltz 
M, Rothlisberger U, Johnsson K (2012) Directed evolution of 
the suicide protein O6-alkylguanine-DNA alkyltransferase for 
Increased reactivity results in an alkylated protein with excep-
tional stability. Biochemistry 51:986–994

Morrone C, Miggiano R, Serpe M, Massarotti A, Valenti A, del 
Monaco G, Rossi M, Rossi F, Rizzi M, Perugino G, Ciaramella 
M (2017) Interdomain interactions rearrangements control the 
reaction steps of a thermostable DNA alkyltransferase. Biochem 
Biophys Acta 1861:86–96

Niesen FH, Berglund H, Vedadi M (2007) The use of differential 
scanning fluorimetry to detect ligand interactions that promote 
protein stability. Nat Protoc 2:2212–2221

Nishikori S, Shiraki K, Fujiwara S, Imanaka T, Takagi M (2005) 
Unfolding mechanism of a hyperthermophilic protein O6-meth-
ylguanine-DNA methyltransferase. Biophys Chem 116:97–104

Pegg AE (2011) Multifaceted roles of alkyltransferase and related 
proteins in DNA repair, DNA damage, resistance to chemo-
therapy, and research tools. Chem Res Toxicol 24:618–639

Pegg AE, Goodtzova K, Loktionova NA, Kanugula S, Pauly GT, 
Moschel RC (2001) Inactivation of human O6-alkylguanine-
DNA alkyltransferase by modified oligodeoxyribonucleo-
tides containing O6-benzylguanine. J Pharmacol Exp Ther 
296:958–965

Perugino G, Vettone V, Illiano G, Valenti A, Ferrara MC, Rossi M, 
Ciaramella M (2012) Activity and regulation of archaeal DNA 
alkyltransferase: conserved protein involved in repair of DNA 
alkylation damage. J Biol Chem 287:4222–4231

Perugino G, Miggiano R, Serpe M, Vettone A, Valenti A, Lahiri S, 
Rossi F, Rossi M, Rizzi M, Ciaramella M (2015) Structure-
function relationships governing activity and stability of a DNA 
alkylation damage repair thermostable protein. Nucleic Acids 
Res 43:8801–8816

Pradhan N, Dipasquale L, d’Ippolito G, Panico A, Lens PNL, 
Esposito G, Fontana A (2015) Hydrogen production by the 
thermophilic bacterium Thermotoga neapolitana. Int J Mol Sci 
16:12578–12600

Pradhan N, Dipasquale L, d’Ippolito G, Fontana A, Panico A, Lens 
PNL, Pirozzi F, Esposito G (2016) Kinetic modeling of fermen-
tative hydrogen production by Thermotoga neapolitana. Int J 
Hydrog Energy 41:4931–4940

Pradhan N, Dipasquale L, d’Ippolito G, Panico A, Lens PNL, Espos-
ito G, Fontana A (4359T) Hydrogen and lactic acid synthesis by 
the wild-type and a laboratory strain of the hyperthermophilic 
bacterium Thermotoga neapolitana DSMZ 4359T under cap-
nophilic lactic fermentation conditions. Int J Hydrog Energy 
42:16023–16030

Samuelson P, Gunneriusson E, Nygren PA, Ståhl S (2002) Display 
of proteins on bacteria. J Biotechnol 96:129–154

Serpe M, Forenza C, Adamo A, Russo N, Perugino G, Ciara-
mella M, Valenti A (2019) The DNA Alkylguanine DNA 



Extremophiles 

1 3

Alkyltransferase-2 (AGT-2) of Caenorhabditis Elegans is 
involved in meiosis and early development under physiological 
conditions. Sci Rep 9:6889

Skorvaga M, Raven NDH, Margison GP (1998) Thermostable archaeal 
O6-alkylguanine-DNA alkyltransferases. Proc Natl Acad Sci USA 
95:6711–6715

Sun G, Zhao L, Zhong R, Peng Y (2018) The specific role of O6-meth-
ylguanine-DNA methyltransferase inhibitors in cancer chemo-
therapy. Future Med Chem 10:1971–2199

Terns RM, Terns MP (2013) The RNA- and DNA-targeting CRISP-
Cas immune systems of Pyrococcus furiosus. Biochem Soc Trans 
41:1416–1421

Tsien RY (1998) The green fluorescent protein. Annu Rev Biochem 
67:509–544

Tubbs JL, Pegg AE, Tainer JA (2007) DNA binding, nucleotide flip-
ping, and the helix-turn-helix motif in base repair by O6-alky-
lguanine-DNA alkyltransferase and its implications for cancer 
chemotherapy. DNA Repair 6:1100–1115

Vettone A, Serpe M, Hidalgo A, Berenguer J, del Monaco G, Valenti 
A, Rossi M, Ciaramella M, Perugino G (2016) A novel thermosta-
ble protein-tag: optimization of the Sulfolobus solfataricus DNA-
alkyl-transferase by protein engineering. Extremophiles 20:1–13

Visone V, Han W, Perugino G, del Monaco G, She Q, Rossi M, Val-
enti A, Ciaramella M (2017) In vivo and in vitro protein imaging 
in thermophilic archaea by exploiting a novel protein tag. PLoS 
ONE 12:e0185791

Yang CG, Garcia K, He C (2009) Damage detection and base flipping 
in direct DNA alkylation repair. ChemBioChem 10:417–423

Zhang J, Shi H, Xu L, Zhu X, Li X (2015) Site-directed mutagenesis 
of a hyperthermophilic endoglucanase Cel12B from Thermo-
toga maritima based on rational design. PLoS ONE. https ://doi.
org/10.1371/journ al.pone.01338 24

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.



Research Article
Optimization of an In Vitro Transcription/Translation System
Based on Sulfolobus solfataricus Cell Lysate

Giada Lo Gullo,1 Rosanna Mattossovich,2 Giuseppe Perugino ,2 Anna La Teana,3

Paola Londei ,1 and Dario Benelli 1

1Department of Cellular Biotechnologies and Haematology, Sapienza University of Rome, Via Regina Elena 324, 00161 Rome, Italy
2Institute of Biosciences and BioResources, National Research Council of Italy, Via Pietro Castellino 111, 80131 Naples, Italy
3Department of Life and Environmental Science, Polytechnic University of Marche, Via Brecce Bianche, 60131 Ancona, Italy

Correspondence should be addressed to Dario Benelli; benelli@bce.uniroma1.it

3FDFJWFE����+VMZ�������"DDFQUFE���/PWFNCFS�������1VCMJTIFE����'FCSVBSZ�����

Academic Editor: Antonio Ventosa

Copyright © 2019 Giada Lo Gullo et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A system is described which permits the efficient synthesis of proteins in vitro at high temperature. It is based on the use of an
unfractionated cell lysate (S30) from Sulfolobus solfataricus previously well characterized in our laboratory for translation of
pretranscribed mRNAs, and now adapted to perform coupled transcription and translation. The essential element in this
expression system is a strong promoter derived from the S. solfataricus 16S/23S rRNA-encoding gene, from which specific
mRNAs may be transcribed with high efficiency. The synthesis of two different proteins is reported, including the S. solfataricus
DNA-alkylguanine-DNA-alkyl-transferase protein (SsOGT), which is shown to be successfully labeled with appropriate
fluorescent substrates and visualized in cell extracts. The simplicity of the experimental procedure and specific activity of the
proteins offer a number of possibilities for the study of structure-function relationships of proteins.

1. Introduction

Cell-free protein synthesis (CFPS) systems have been used
initially to investigate certain fundamental aspects of cell
biology, such as deciphering the structure of the genetic code
or elucidating the basic features of transcriptional and trans-
lational control [1–3]. Later, CFPS systems turned out to be
also powerful tools to produce high amounts of proteins for
a wide range of applications ranging from pharmaceutical
use to protein structure analysis [4, 5].

The simplest forms of these systems consist of whole cell
lysates (S30 extracts) containing all the necessary elements
for transcription, translation, protein folding, and energy
metabolism. Typically, CFPS systems are programmed for
expression of proteins using two different substrates: RNA
templates for translation only or DNA templates for coupled
transcription/translation [6, 7].

The advantages of CFPS systems over in vivomethods are
manifold. One can dispense with all the procedures required
to support cell viability and growth; moreover, handling

cellular extracts instead of whole cells facilitates the active
monitoring, rapid sampling, and direct manipulation of the
protein synthesis process. Last but not least, the simplicity
and low cost of preparing cellular extracts make the system
a preferential choice among the available tools for the synthe-
sis of proteins of interest.

The most commonly used cell-free translation systems
consist of Escherichia coli (ECE) extracts, rabbit reticulocytes
(RRL), wheat germ (WGE), and insect cells (ICE), each of
them with peculiar characteristics [8–10]. E. coli CFPS is
the most convenient economically, since extract prepara-
tion is simple and inexpensive and the required proteins
can be produced in high yields. However, CFPS derived
from extracts of eukaryotic cells may be the best choice
when the scope is the production of some types of complex
proteins or when eukaryotic posttranslational modifications
are required.

In our laboratory, we have developed a CFPS from the
thermophilic archaeon S. solfataricus, which we have suc-
cessfully used to decipher a number of aspects of archaeal
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translation and high-temperature translation[11, 12]. How-
ever, our standard system uses only pretranscribed RNA
templates, while CFPS from hyperthermophiles allowing a
coupled transcription/translation based exclusively on
endogenous components of the adopted system have not so
far, to the best of our knowledge, been described.

Yet, to develop such a system is highly desirable for a
number of reasons. First of all, it represents a powerful tool
to expand our understanding of the molecular mechanisms
governing coupled transcription-translation in archaea.
Moreover, the expression of recombinant proteins in
thermophilic conditions similar to the native ones could
facilitate the identification of associated factors. Further-
more, althoughmesophilic hosts such as Escherichia coli have
been used to produce thermostable proteins for biochemical
and crystallographic characterization [13], many hyperther-
mophilic proteins correctly fold only under physiological
conditions of high temperature or in the presence of their
native posttranslational modifications [14, 15].

We report here the development of a coupled in vitro
transcription/translation system for cell-free protein syn-
thesis from the thermophilic archaeon S. solfataricus. The
system works with a plasmid vector obtained by cloning
the strong promoter derived from the S. solfataricus
16S/23S rRNA-encoding gene upstream of a previously
well-characterized Sulfolobus gene [16]. A preliminary assess-
ment of the various parameters and components that affect
the rate and yield of protein synthesis was performed. With
this system, we obtained the in vitro expression of two differ-
ent proteins, one of which was also shown to be enzymatically
active at the temperature of 70°C.

2. Materials and Methods

2.1. Preparation of Cell Extracts and Total tRNA. Cell lysates
competent for in vitro translation were prepared according to
a method described previously with slight precautions [17].
Briefly, about 2 g of frozen cells were ground by hand with
a double amount of alumina powder and adding gradually
about less than 2 volumes (relative to the weight of the cell
pellet) of lysis buffer (20mM Tris-HCl (pH7.4), 10mM
Mg(OAc)2, 40mM NH4Cl, and 1mM DTT). The procedure
was performed by placing the mortar on ice and working in a
cold room for no more than 15min. Cell debris and alumina
were removed by spinning the mix twice at 30,000×g for
30min and taking care to withdraw only about two-thirds
of the supernatant. Aliquots of the cell lysate (0.05ml) were
stored at −80°C, and total protein concentration, determined
by Bradford assay, was in the range of about 20–25mg/ml
accordingly. Unfractionated tRNA from S. solfataricus was
prepared by performing a phenol extraction of the crude
S100 fraction and precipitating the aqueous phase with 2.5
volumes of 95% ethanol. The RNA pellet was resuspended
in 10mM glycine (pH9.0), and the solution was incubated
for 2 h at 37°C to achieve alkaline deacylation of the tRNA
therein contained. Lastly, the RNA was again precipitated
and the resulting pellet was dissolved in an adequate volume
of 10mM Tris-HCl (pH7.5).

2.2. Gene Constructs and In Vitro Transcription. We used
the plasmid pBluescript-SK(+) as a starting point for our
subsequent constructs. Two synthetic DNA oligomers of
48 nucleotides were designed on the sequence of a
16S/23S rRNA operon promoter described elsewhere [18]
whose sequence is identically conserved in all S. solfataricus
species: promoter rRNA SSO forward 5′-CGAAGTTAGAT
TTATATGGGATTTCAGAACAATATGTATAATGGGT
AC-3′ and promoter rRNA SSO reverse 5′-CCATTATAC
ATATTGTTCTGAAATCCCATATAAATCTAACTTCG
GTAC-3′. Both primers contained at their 5′ ends a
sequence corresponding to the protruding cohesive 5′ end
of the Kpn I restriction site, and both were phosphorylated
in separate 25μl reaction mixtures containing 70mM
Tris-HCl (pH7.6), 10mM MgCl2, 5mM dithiothreitol,
1mM ATP, 4μM DNA, and 10 units of T4 polynucleotide
kinase (New England BioLabs). After incubation at 37°C
for 1 h, the reaction mixtures were combined and the kinase
was heat-inactivated at 70°C for 10min. Annealing of the
two oligomers was obtained by heating this mixture at
100°C for 4min and slowly cooling down to 37°C. The
integrity of the double-stranded 16S/23S rRNA promoter
fragment DNA was checked by agarose gel electrophoresis.
One pmol of the purified double-stranded fragment was
incubated with 0.25 pmol of Kpn I digested pBS-SK(+)
plasmid in the presence of 10 units of T4 DNA ligase
(New England BioLabs) in 25μl of 50mM Tris-HCl
(pH7.5), 10mM MgCl2, 10mM dithiothreitol, 1mM ATP,
and 25μg/ml bovine serum albumin for 20h at 16°C.
One-tenth of this reaction mixture was then used directly
for transformation of E. coli top 10 competent cells. Transfor-
mants harbouring plasmid DNA were screened for the pres-
ence of the insert using a Kpn I restriction analysis of purified
plasmid DNA. The clone harbouring the construct with the
insert in the correct orientation was selected after DNA
sequencing and termed pBS-rRNAp. Successively, a fragment
of 393 bp containing the gene termed ORF 104 with its
Shine-Dalgarno (SD) motif was amplified from the construct
pBS800 [12] by PCR using the following primers: Prom-104
Xho I 5′-TTTTTTTATCTCGAGCCGGAATAGTTGAATT
AACAATGAAGC-3′ (underlined sequence corresponds to
the Xho I site) and Prom-104 Pst I 5′-CATGGTATGCTGC
AGTCATTGCTTCACCTCTTTAATAAACTCC-3′ (under-
lined sequence corresponds to the Pst I site). The fragment
was inserted into the Xho I-Pst I digested plasmid
pBS-rRNAp, yielding the construct termed pBS-rRNAp-104.
To generate the construct termed pBS-rRNAp-ogt, we excised
the fragment Xho I-Pst I from the previous plasmid and
inserted a DNA fragment of 533 bp amplified from the con-
struct pQE-ogt by PCR with the following primers: forward
rRNA/SsOGT Xho I 5′-TTTTTCTCGAGTGAGGTGAAAT
GTAAATGAGAGGATCTCACCATCACC-3′ (underlined
sequence corresponds to the Xho I site) and reverse
rRNA/SsOGT Pst I 5′-TTTTTTCTGCAGTCATTCTGG
TATTTTGACTCCC-3′ (underlined sequence corresponds
to the Pst I site). Also in this case, the plasmid was
designed to have the SD motif 7 nucleotides upstream of
the ogt start codon.
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2.3. Analysis of Transcriptional Activity of Sulfolobus
solfataricus Lysate by In Vitro Labelling with 32P-UTP. The
transcriptional activity of the S. solfataricus cell-free extract
was tested by 32P-UTP incorporation in two different reac-
tion conditions using an aliquot of the lysate corresponding
to 100μg of total proteins. The first reaction protocol was
adopted from a previous study [16]: the cell-free extract
was incubated in a reaction volume of 50μl, in the presence
of 50mM Tris-HCl (pH8.0), 25mM MgCl2, 1mM EDTA,
1mM dithiothreitol, 2mM ATP, 1mM GTP, 1mM CTP,
0.6mM UTP, and 100μM (α-32P) UTP (4Ci/mmol) in a
reaction volume of 50μl. The reaction was carried out at
60°C for 30min. The second protocol was based on the
in vitro translation experiments carried out in our laboratory
[12, 17]: S. solfataricus cell-free extract was incubated in a
reaction volume of 50μl, in the presence of 10mM KCl,
20mM Tris-HCl (pH6.8), 20mM Mg(OAc)2, 2mM ATP,
1mM CTP, 1mM GTP, 0.5mM UTP, and 100μM (α-32P)
UTP (4Ci/mmol). The reaction, in this case, was carried
out at 70°C for 30min. At the end of both reactions, 20U
of DNase I were added and incubation was extended for
30min at 37°C. DNase I was added to remove any trace
of plasmidic DNA that could alter the results of the next
qRT-PCR analysis. The products of the reactions were
extracted by phenol pH4.7 and precipitated with 2.5 vol-
umes of 95% ethanol. The pellets were resuspended in
an adequate volume of DEPC-treated water and divided
into two aliquots. RNase A (20μg) was added to one of
them and both aliquots were incubated at 37°C for
30min. The newly synthesized RNA was separated by
8.5% of nondenaturing polyacrylamide gels and detected
using both an Instant Imager apparatus (Packard) and
autoradiography film (Kodak XAR-5).

2.4. In Vitro Translation and Coupled In Vitro
Transcription-Translation. The transcription-translation
activity wasmeasured in a final volume of 25μl and contained
10mM KCl, 20mM Tris-HCl (pH6.8), 20mM Mg(OAc)2,

1.5mM ATP, 1.5mM CTP, 1.5mM GTP, 1.5mM UTP,
3.3μg of bulk S. solfataricus tRNA, 5μl of 20–25mg/ml S.
solfataricus S30 extract (preincubated for 10min at 70°C),
and 0.5μl of L-(35S)-methionine (S.A. 1175Cimmol−1 at
11mCiml−1, PerkinElmer). After mixing all components,
4μg of the desired mRNA or different amounts of the various
plasmids were added and the mixtures were incubated for the
indicated time at 70°C. Whole cell lysates were programmed
for in vitro translation with transcripts of S. solfataricus
genes ORF 104 and SsOGT cloned in the pBS-SK(+) plasmid
downstream of the T7 RNA polymerase promoter under
conditions described in Table 1. Before transcription, the
plasmids were linearized with Pst I. The experimental condi-
tions were the same as described above except for the
absence of CTP and UTP and the presence of ATP and
GTP to the final concentration of 1.8 and 0.9mM, respec-
tively. The analysis of the translation products was per-
formed by loading 15μl of the incubation mixture in 16%
polyacrilamide/SDS gels; after the run, the gels were dried
and autoradiographed.

2.5. qPCR and RT-PCR SsOGT Labelling. At the end of
in vitro transcription or coupled in vitro transcription--
translation, total RNA was purified from the reactions by
phenol extraction at pH4.7 and precipitated by adding of
2.5 volumes of 95% ethanol. The pellets were resuspended
in an adequate volume of DEPC-treated water and treated
with 2U of DNase I, RNase-free (Thermo Fisher Scientific)
in an appropriate buffer at 37°C for 45min. The residual
products were reextracted by phenol pH4.7 and precipitated
with 2.5 volumes of 95% ethanol. 0.5μg of total RNA was ret-
rotranscribed for relative qRT-PCR analysis (SensiFAST™
cDNA Synthesis Kit, Bioline). qPCR was performed with
the Applied Biosystem StepOne Real-Time PCR System
(Thermo Fisher Scientific) using 1/20 of cDNA and 10μl of
GoTaq® qPCR Master Mix (Promega) in a final volume of
20μl. Cycling parameters were 95°C for 2min, followed by
40 cycles of denaturation at 95°C for 3 sec, and

Table 1: Experimental conditions adopted for reactions with S30 S. solfataricus.

In vitro transcription
adopted from [16]

In vitro transcription under
our conditions

Coupled in vitro transcription
and translation

In vitro
translation

KCl (mM) — 10 10 10
Tris-HCl (mM) 50 (pH 8.0) 20 (pH 6.8) 20 20
Mg(OAc)2 (mM) 25 20 20 20
ATP (mM) 2 2 1.5 1.8
CTP (mM) 1 1 1.5 —
GTP (mM) 1 1 1.5 0.9
UTP (mM) 0.6 0.5 1.5 —

(α-32P) UTP (μM) 100 100 — —
EDTA (mM) 1 — — —
DTT (mM) 1 — — —

Total tRNA (μg) — — 3,3 3,3
S30 (μg) 100–150 100–150 100–150 100–150
T (°C) 60 70 70 70
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annealing/extension at 60°C for 30 sec. The relative amount
of each mRNA was calculated by the 2−ΔΔCt method and nor-
malized to endogenous aIF6 mRNA. Primer sequences used
for qPCR were as follows: forward pBS 5′-TGGTAACAG
GATTAGCAGAG-3′ and reverse pBS 5′-ACCAAATACTG
TCCTTCTAGTG-3′; aIF6 forward 5′-ATAAGCGGTAA
CGATAACGG-3′ and aIF6 reverse 5′-AATCCCTTAGA
TTCTCCTTCAG-3′.

By performing RT-qPCR as described above, we mea-
sured the absolute amount of RNA transcribed from the plas-
mid pBS-rRNAp-104 following incubation in the in vitro
transcription-translation system. Specifically, we compared
the Ct values obtained from these samples with a standard
curve plotted with Ct values obtained from serial dilutions
of 1μg of in vitro transcribed RNA (pBS-rRNAp-104). For
semiquantitative RT-PCR, total RNA was extracted from
the mix reaction as described above. 2μg of total RNA was
retrotranscribed in a final volume of 25μl with 200U
M-MLV reverse transcriptase in 20μl of mixture reaction
for 1 h at 42°C according to the instructions of the supplier
(Promega). The reaction contained 1μM of the following
reverse primer: 5′-GGTTTCCCGACTGGAAAGCGG
GCAG-3′. At the end of the reaction, the final volume of
the mixture reaction was adjusted to 50μl and one-tenth of
the RT reaction was PCR amplified with Taq DNA polymer-
ase (Promega) for 30 sec at 95°C, 30 sec at 60°C, and 45 sec at
74°C (25 cycles) with a final extension step for 7min at 74°C.
Reverse primers for PCR amplification were the same used in
the RT reaction coupled with the following forward primer:
5′-CGAATTCCTGCAGCCCGGGGGATCC-3′. The prod-
ucts of the reactions were separated by agarose gel electro-
phoresis and detected by ethidium bromide staining.

Controls correspond to reactions performed on RNA
purified from samples in the absence of the plasmid and from
RT minus cDNA reactions.

2.6. SsOGT InVitro Labeling.The activity of in vitro-expressed
SsOGT was analysed incubating 8μg of pBS-rRNAp-ogt
plasmid or 200ng of recombinant SsOGT OGT with
200μg of S. solfataricus whole cell extract under the exper-
imental conditions described above for coupled in vitro
transcription/translation and in the presence of BG-FL
substrate (2.5μM). The mix reaction was incubated at
70°C for 60min. Reactions were stopped by denaturation,
and samples were subjected to SDS-PAGE, followed by
fluorescence imaging analysis using aVersaDoc 4000™ system
(Bio-Rad Laboratories Inc.) by applying as excitation/emis-
sion parameters a blue LED bandpass filter. For western blot
analysis, proteinswere transferred ontoPVDFfilters (Bio-Rad
Laboratories Inc.) using the Trans-Blot® Turbo™ Blotting
System (Bio-Rad Laboratories Inc.). The presence of SsOGT
proteinwas revealed using polyclonal antibodies raised in rab-
bit against S. solfataricusOGT as primary antibodies, the goat
anti-rabbit IgG-HRP (Pierce) as secondary antibody, and the
Amersham Biosciences ECL Plus kit. Filters were incubated,
washed, and developed according to the manufacturer’s
instructions. Chemiluminescent bands were revealed using a
VersaDoc apparatus (Bio-Rad Laboratories Inc.).

3. Results and Discussion

3.1. Analysis of In Vitro Transcription in the S30 Fraction
of S. solfataricus. To prepare an S30 extract capable of effi-
cient coupled transcription-translation, we performed pre-
liminary experiments to verify whether the whole cell lysate
of S. solfataricus prepared according to our described proto-
cols [17] was competent for in vitro transcription. Specifi-
cally, we compared the transcriptional activity of our
system with that of a previously described Sulfolobus
in vitro transcription assay [16], testing the capacity of the
S30 extract to incorporate α-32P-UTP. Salt and temperature
conditions of the reactions are summarized in Table 1 and
described in detail in Materials and Methods. In both cases,
we implemented the reactions with the nucleoside triphos-
phates at the final concentration of 1mM each (except ATP
to 2mM) and the S30 fraction was prepared omitting
DNase I treatment of lysate, unlike previously published
protocols where DNase I was added to remove genomic
DNA [17]. As shown in Figure 1, both S30 extracts showed
the ability to recruit labeled uridine triphosphate supporting
the idea that endogenous RNA polymerase was active. How-
ever, the extract prepared according to our protocol had a
higher efficiency of uridine triphosphate incorporation.

Successively, based on a study characterizing the pro-
moter for the single-copy 16S/23S rRNA gene cluster of the
extremely thermophilic archaebacterium Sulfolobus [18], we

A B

Rnase A −
60°C 70°C

+ − +

Figure 1: Transcriptional activity of S. solfataricus whole cell
extracts. In vitro transcription reactions were performed using S.
solfataricus S30 fractions with (α-32P) UTP in different
experimental conditions as described in Material and Methods and
Table 1. Reaction A was incubated at 60°C while reaction B was
incubated at 70°C. Total RNA was extracted from the reaction
mixes, and an aliquot of the samples was treated with RNase A at
37°C for 30min. The products of in vitro transcription were
subjected to nondenaturing polyacrylamide gel electrophoresis, and
those incorporating (α-32P)UTPwerevisualizedbyautoradiography.
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Figure 2: In vitro transcription of plasmids containing the 16S/23S rRNA promoter. (a) Schematic representation of the pBS-rRNAp
construct. Horizontal arrows indicate the position of primers used for RT-PCR analysis. (b) RT-PCR on total RNA extracted from S30 of
S. solfataricus previously incubated with 2, 4 and 8μg of pBS-rRNAp plasmid and corresponding, respectively, to the lanes 4, 6 and 8 of
the image. The product of the reaction is shown by the amplified fragment of 346 bp. Also shown is the RT-PCR of an mRNA encoding
the translation factor aIF1A, used as an endogenous control to normalize the reactions. (c) Schematic representation of the
pBS-rRNAp-104 plasmid. The SD motif is evidenced in italic, while the start codon is shown in bold. (d) Relative amount of RNA
transcribed by the pBS-rRNAp-104 plasmid incubated into S. solfataricus S30 extract at 70°C for 1 h. (e) Absolute quantification of the
pBS-rRNAp-104 transcript using the standard curve method. The absolute quantities of the standards were obtained measuring the
concentration of T7 in vitro-transcribed pBS-rRNAp-104 RNA. Serial dilutions of the in vitro transcript were obtained and their Ct values
(red dots) were compared to those unknown (blue dots) extrapolating the amount of copies expressed.
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cloned this promoter into the pBS-SK(+) plasmid, as
described in Materials and Methods. The construct con-
tained the region of DNA upstream from the transcription
start site of the 16S/23S rDNA gene spanning from −1
to −40 bp. The structure of the construct, termed pBS-rRNAp,
is shown schematically in Figure 2(a). The plasmid was incu-
bated with the S30 extract, and its transcription was analysed
by RT-PCR using primers annealing to a specific region of the
plasmid downstream of the cloned gene, thus excluding
amplification of the endogenous target. The results showed
an efficient transcription of the plasmid following incubation
at 70°C (Figure 2(b)).

Starting from this construct, we cloned a previously
well-characterized Sulfolobus gene encoding a putative
ribosomal protein [12], under the transcriptional control
of the 16S/23S rDNA promoter. The structure of this plas-
mid, termed pBS-rRNAp-104, is shown schematically in
Figure 2(c); analysis by qPCR showed that it was also
transcribed (Figure 2(d)). Finally, the pBS-rRNAp-104 con-
struct was transcribed in vitro with T7 RNA polymerase,
and known amounts of the corresponding purified RNAwere
used to draw a calibration curve, which was used to quantify
the transcription reactions (Figure 2(e)). This analysis permit-
ted us to assess the amount of in vitro-transcribed RNA to an
order of magnitude corresponding to ng of RNA for μg of
plasmid used, in 25μl of reaction.

4. Optimization of In Vitro Translation
Conditions with respect to NTPs and
Mg++ Ions

Next, we investigated whether the conditions adopted for
in vitro transcription with the S. solfataricus S30 extract could
affect its translational activity. Specifically, we sought to
define an optimal concentration of NTPs since it is well
known that free nucleotides chelate a proportional number
of Mg++ ions, whose presence in a well-defined range of con-
centration is essential for translation [19]. For this purpose,
we incubated the S30 extract with pretranscribed 104 mRNA
in the absence or presence of different concentrations of

NTPs and determined its translational efficiency. Indeed,
increased levels of NTP in the mix reactions were detrimental
for in vitro translation (Figure 3(a)). However, this could be
in part compensated by increasing the concentration of
Mg++ ions as shown in Figure 3(b). On the other hand, the
absence of NTPs in the mix reaction completely inhibited
the activity of the system, since exogenous ATP and GTP
are required as an energy source (data not shown). Overall,
based on the results of Figures 3(a) and 3(b), we chose to
strike a balance between NTP and Mg++, setting them at
the final concentration of 6 and 20mM, respectively.

4.1. Transcription and Translation-Coupled Protein
Synthesis. We then proceeded to verify whether the previ-
ously established experimental conditions allowed coupled
transcription and translation. This question was addressed
by incubating different amounts of the pBS-rRNAp-104 plas-
mid with the lysate at 70°C for 1 h under the conditions sum-
marized in Table 1. As said before, the transcription of this
construct from a strong rRNA promoter was expected to
yield an mRNA encoding a ribosomal protein (ORF 104).
The predicted mRNA was endowed with a 5′-UTR contain-
ing SD motif 7 nucleotides upstream from the AUG start
codon of ORF 104. As shown in Figure 3(c), the reaction
yielded a main protein band of about 12 kDa, corresponding
to the expected size of the ORF 104.

To extend the above results to other S. solfataricus genes,
we subcloned the O6-DNA-alkyl-guanine-DNA-alkyl--
transferase gene (SsOGT) from the pQE-ogt construct,
previously characterized by Perugino et al. [20]. The product
of this gene is a ubiquitous protein of about 17 kDa, evolu-
tionary involved in the direct repair of DNA lesions caused
by the alkylating agents. SsOGT is a peculiar protein for its
suicidal catalytic reaction: the protein irreversibly transfers
the alkyl group from the DNA to a catalytic cysteine in its
active site. The use of fluorescent derivatives of a strong
inhibitor, the O6-benzyl-guanine (O6-BG), leads to an irre-
versible fluoresceinated form of this protein. This thermo-
philic variant of the so-called SNAP-tag™ [21] represents
an alternative to the classical GFP-based systems and is
eligible for our choice.
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Figure 3: In vitro expression of ORF 104 under different experimental conditions. 4μg of in vitro-transcribed 104 mRNA were translated at
different concentrations of NTPs (a) and Mg2+ (b) for 1 h in 25μl of reaction. (c) Different amounts of pBS-rRNAp-104 plasmid were
incubated with S. solfataricus whole cell extract for 60min at 70°C in a final volume of 25μl.
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The construct was obtained by substituting the gene 104
from the construct pBS-rRNA-104 with the ogt gene, as
described in Materials and Methods. The structure of the
construct termed pBS-rRNAp-ogt is shown schematically in
Figure 4(a).

Specifically, the strong SD motif 7 nucleotides upstream
from the AUG start codon were retained, and 6 His-coding
triplets were placed upstream of the ogt open reading frame.

As the results in Figure 4(b) show, the gene was expressed
producing a main protein band of about 18 kDa, correspond-
ing to the expected size of the ORF SsOGT-6His. As a
positive control, we employed an ogt mRNA transcribed
in vitro from the T7 promoter (lane 2), which, as expected,
was translated less efficiently than the mRNA directly tran-
scribed in the reaction mix. This is possibly due to the differ-
ent 5′-UTR of the two mRNAs, but it is also conceivable that
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Figure 4: In vitro expression of OGT. (a) Schematic representation of the pBS-rRNAp-ogt plasmid. It was designed by introducing a DNA
fragment of 522 bp containing the ogt gene into the Xho I-Pst I sites replacing ORF 104. The coding region starts with an AUG codon
(bold letters) preceding a DNA region coding for six histidines (underlined letters) placed to the amino terminal region of the OGT
protein (bold and italic letters). The DNA insert contains an SD motif (italic letters) retained from the ORF 104 and located 7 nucleotides
upstream from the coding region. (b) Increased amounts of the pBS-rRNAp-ogt plasmid were incubated with S. solfataricus whole cell
extract for 60min at 70°C in a final volume of 25μl, and the products of expression were resolved by 16% denaturing polyacrylamide gel
electrophoresis. (c) Time course of OGT expression: 4 μg of pBS-rRNAp-ogt plasmid were incubated with S. solfataricus whole cell extract
at 70°C and equal aliquots of the reaction were withdrawn from the mixture at the indicated times. (d) A graph is plotted with the values
of the band intensity corresponding to the OGT protein shown in (c) and quantified using ImageJ software (NIH). The values represent
the average of three independent experiments. All error bars indicate SD.
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when translation takes place at the same time as transcription
the mRNA is stabilized and the ribosomes may bind more
easily to the translation start sites.

To gain insight into other factors influencing the effi-
ciency of SsOGT protein expression, we analysed the time
course of the reaction with a fixed amount of the same
construct. The highest expression level of the protein was
observed after 60min incubation, while at longer times
(90 and 120min) the efficiency decreased (Figures 4(c)
and 4(d)), as observed in other in vitro expression systems
[22]. This effect is probably due to the shortage of low
molecular weight substrates (ATP, GTP, and amino acids)
that are continuously used by the system with consequent
drop of the reaction.

Furthermore, we tested whether the linearization of the
construct could produce a transcriptional runoff at the end
of the gene with a consequent increase of the product of
our interest. This was not the case, however. Samples incu-
bated with the linearized plasmid failed to yield a band corre-
sponding to the expected size of the ORF OGT-6His
(Figure 5(a)). Further analysis revealed that this was due to
degradation of the linearized plasmid in the reaction mix
(Figure 5(b)) similar to results obtained by other authors
with different cell-free coupled transcription-translation
systems [23].

4.2. Characterization of SsOGT Activity. To test whether the
in vitro-produced SsOGT was functionally active, we incu-
bated the construct pBS-rRNAp-ogt with the lysate at 70°C
for 1 h in the presence of a fluorescein derivative of the
O6-BG (SNAP-Vista Green™, New England BioLabs). As
mentioned above, SsOGT catalyzes the formation of a
covalent bond between the benzyl group of BG and a specific

cysteine residue in its active site; therefore, the successful
completion of the reaction renders the protein fluorescent
[21]. Indeed, we observed a fluorescent band corresponding
to the expected size of the SsOGT in the reaction conditions
adopted (Figure 6), demonstrating the active state of the
expressed protein. The levels of in vitro-expressed SsOGT
were assessed by comparing its fluorescence with that
obtained with known amounts of recombinant protein. The
outcome of the experiment also permitted excluding the pos-
sibility that in vitro-produced SsOGT was degraded after its
translation and upon the irreversible transfer of the
fluoresceinated-benzyl group to the active site, as previously
demonstrated [24, 25]. In effect, incubation for 60min at
70°C of the recombinant SsOGT in the S. solfataricus lysates
in the presence of the SNAP-Vista Green™ did not affect the
activity nor the fluorescent signal obtained (Figure 6, lane 3).

This analysis allowed us to estimate the amount of
in vitro-translated SsOGT to an order of magnitude corre-
sponding to about 10–20 ng of protein produced for μg of
plasmid used, in 25μl of reaction.

5. Discussion

The present study reports the development of a transcrip-
tion/translation system for the synthesis of proteins at high
temperature (70°C), based on an S30 extract from the ther-
mophilic crenarcheon S. solfataricus. The system makes use
of an engineered classical pBS-SK plasmid, where efficient
transcription is driven by a strong promoter, corresponding
to the DNA region upstream from the 16S/23S rDNA gene,
while translation is stimulated by the presence of a strong
SD motif ahead of the start codon of the chosen gene. The
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Figure 5: In vitro expression of ogt from linearized plasmid. (a) Supercoiled and linear pBS-rRNAp-ogt plasmids were incubated with
S. solfataricus whole cell extract for 60min at 70°C with 35S-Met in a final volume of 25μl, and the products of expression were resolved by
16% denaturing polyacrylamide gel electrophoresis. (b) Survival of supercoiled and linear pBS-rRNAp-ogt plasmid after incubation in the
S30-coupled system. The constructs were incubated for 60min at 70°C under standard conditions and then analysed on a 1% agarose gel.
Lane 1, nonincubated linear pBS-rRNAp-ogt DNA; lane 2, nonincubated supercoiled pBS-rRNAp-ogt DNA; lane 3, linear pBS-rRNAp-ogt
DNA incubated in an S30 mixture; and lane 4, supercoiled pBS-rRNAp-ogt DNA incubated in an S30 mixture.
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reaction works at the optimal temperature of 70°C, and
maximal protein synthesis is achieved after 1 h of incubation.

We tested the system with two different genes, one
encoding a ribosomal protein and another encoding SsOGT,
an enzyme, whose activity was determined by using a fluores-
cent probe, as described above. The former gene had already
shown to be efficiently translated in vitro from a pretran-
scribed mRNA [12], and served as a starting point to tune
the system. Transcription/translation of the ogt-encoding
gene allowed us to show that the protein product was active,
thereby demonstrating that it was correctly folded/modified
in the in vitro reaction. Moreover, the possibility to use
fluorescent substrates of this enzyme is a clear advantage

for the quantification of the gene product, making this
system flexible.

An important novelty of our system with respect to pre-
vious attempts described in the literature is that it requires
only endogenous components present in the cell lysate.
Indeed, the only described system for protein synthesis
coupled with high-temperature translation makes use of a
Thermococcus kodakaraensis lysate, but it requires an added
thermostable T7 RNA polymerase to work [26]. Our assay
is therefore an economically convenient choice, since extract
preparation is simple and inexpensive.

While the present work describes a promising new tech-
nology mainly for the gene expression analysis, it is not yet
usable as such for the in vitro scale-up production of recom-
binant proteins. To achieve this, further experiments and
improvements are needed. For instance, one may envisage
the division of the reaction into two compartments, one con-
taining the modified extract and one containing a feeding
solution that includes substrates such as amino acids, ATP,
and GTP, and that is renewed by continuous flow, permitting
substrate replenishment and byproduct removal.

Moreover, it should be observed that extant-coupled
CFPS utilize DNA in three forms: linear PCR product, linear-
ized plasmid, and circular plasmid. The use of linear PCR
products has the distinct advantage of simplicity, since it
eliminates the need for time-consuming cloning steps. How-
ever, circular DNA plasmids have typically been preferred to
linearized plasmids or PCR products, due to the greater sus-
ceptibility of linear DNAs to nucleolytic cleavage. Indeed, in
our case, samples incubated with the linearized plasmid
failed to yield the expected protein product due to degrada-
tion of the linearized plasmid in the reaction mix. The
removal of nucleases, and/or the utilization of overhang
extensions to cyclize PCR products, could be adopted in the
future for the optimization of the system.

In conclusion, we believe that the system described
here has very good potential for use in fields such as pro-
tein display technologies, interactome analysis, and under-
standing of the molecular mechanisms governing coupled
transcription-translation in archaea.
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translational control of p53 executed by eIF5A”, protocol
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The SNAP-tag technology revised: an effective chemo-enzymatic approach by using
a universal azide-based substrate
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ABSTRACT
SNAP-tagVR 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-tagVR and its relative
thermostable version (SsOGT-H5) 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
Huisgen cycloaddition. Our studies propose a strengthening and an improvement in terms of biotechno-
logical applications for this self-labelling protein-tag.
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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 membranes1. 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 fields2. Among SLPs, of particular note are the
HalotagVR , the SpyTag3 the SNAP- and the CLIP-tagVR . The Promega
HalotagVR is a halo-alkane dehalogenase with a genetically modi-
fied active site, which reacts irreversibly with primary
alkyl-halides4,5.

SNAP-tagVR from New England Biolabs (NEB) is the engineered
variant of the natural suicide human O6-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 O6-position on guanine base6,7. 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 site8. 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-tagVR . The rationale
behind the SNAP-tag technology is the low substrate specificity of
some AGT proteins, being able to efficiently recognise also the
O6-benzyl-guanine (BG) nucleobase9. 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)9–13. Later, the same group further engineered
the SNAP-tagVR to obtain the CLIP-tagVR , which specifically reacts
with O2-benzyl-cytosine derivatives, expanding that technology for
in vivo and in vitro multi-protein labelling14.

Apart from cell biology and fluorescence imaging, hundreds of
papers are present in the literature showing many applications of
SNAP-tagVR in several fields, among which RNA-editing15, the
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development of SNAP-based sensors for small molecules16–18 and
ions19,20, and protein-DNA complexes in “DNA Origami”
structures21.

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-tagVR . 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-H5, hereinafter H5), an enzyme which
revealed extremely resistant to high temperature, high ionic
strength, proteases attack, and, in general, to common physical
and chemical denaturants22,23. The intrinsic stability of H5 made it
compatible with expression and utilisation in vivo as protein-tag in
thermophilic organisms, as Thermus thermophilus24 and Sulfolobus
islandicus25 as well as in an in vitro expression system using
Sulfolobus lysates26. Recently, H5 became a part of the new ASLtag

system27, 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
needed28.

SNAP-tagVR 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-NH2) 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-tagVR 29–33, sometimes making this enzyme not fully
applicable to particular requests.

In this work, we analysed and confirmed the catalytic depend-
ence of SNAP-tagVR and H5 by several substrates having different

chemical groups conjugated to the O6-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-tagVR 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-
VistaVR Green (SVG), SNAP CellVR Block (SCB), SNAP CellVR 430
(SC430), BG-PEG-NH2 (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-PEG4-Fluor 545, Tris(2-car-
boxyethyl)phosphin (TCEP), Tris [(1-benzyl-1H-1,2,3-triazol-4-yl)-
methyl]amine (TBTA) were from Sigma-Aldrich (St. Louis, MO).
PierceTM Premium Grade Sulfo-NHS (N-hydroxy-sulfo-succinimide)
and PierceTM Premium Grade 1-ethyl-3-(3-dimethyl-amino-propyl)-
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carbodiimide hydrochloride (EDC) were from Thermo Fisher
Scientific (Carlsbad, CA).

2.2. Compounds synthesis: general procedures
1H (400MHz) and 13C (100MHz) NMR spectra were measured on
Bruker Advance Neo 400MHz spectrometer. Chemical shifts were
referenced to the residual solvent signal (CDCl3: dH ¼ 7.26, dC ¼
77.0; DMSO: dH ¼ 2.50 dC ¼ 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% H2SO4 in
ethanol or KMnO4 and heating. Organic phases were dried with
Na2SO4 before evaporation. Chemical reagents and solvents were
from Aldrich, Alfa Aesar, and TCI 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.34,
whose experimental spectra were comparable. White solid. 1H
NMR (400MHz, DMSO-d6) d 7.84 (s, 1H), 7.53 (d, J ¼ 7.8 Hz, 2H),
7.39 (d, J ¼ 7.8 Hz, 2H), 6.28 (bs, 2H), 5.49 (s, 2H), 4.45 (s, 2H)
(Figure S1(A)). 13C NMR (100MHz, DMSO-d6) d 159.69, 136.80,
135.43, 128.82, 128.58, 66.44, 53.37. IR (KBr) cm# 1: 3638, 3462,
3322, 2799, 2132, 1424, 1257, 1163, 912, 790, 656, 514. ESI/MS:
m/z [M þ Hþ ] 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; 1.176 g,
9.115mmol, 1 eq/mol) was prepared according to the method by
Huang et al.35 in DCM (30ml), compound 2 (1.500 g, 10.939mmol,
1.2 eq/mol; prepared according to the method by Leng et al.36

and TEA (5.08ml, 36.460mmol, 4 eq/mol) were added. The mix-
ture was stirred for 10min at room temperature, then T3P (50%
solution in EtOAc, 10.85ml, 18.230mmol, 2 eq/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 ¼ 0.47; Rf 3 ¼ 0.16). The reaction
was quenched by the addition of BRINE and extraction with DCM.
After drying (Na2SO4) 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
(660mg, 30%). 1H NMR (400MHz, CDCl3) d 7.28 (d, J ¼ 8.0 Hz, 2H),
7.20 (d, J ¼ 7.9 Hz, 2H), 6.36 (t, J ¼ 5.6 Hz, 1H), 4.63 (s, 2H), 4.35 (d,
J ¼ 5.7 Hz, 2H), 3.31 (t, J ¼ 6.6 Hz, 2H), 2.27 (t, J ¼ 7.3 Hz, 2H), 1.89
(p, J ¼ 6.9 Hz, 2H) (Figure S3(A)).13C NMR (100MHz, CDCl3) d
171.93, 140.30, 137.28, 127.69, 127.17, 64.53, 50.65, 43.19, 32.96,
24.69. IR (KBr) cm# 1: 3276, 3055, 2921, 2880, 2103, 1635, 1540,
1418, 1257, 1015, 827, 747, 677, 553. ESI/MS: m/z [M þ Hþ ] 249
(Figure S3(B)).

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 (400mg, 1.611mmol, 1
eq/mol) in dry DMF (10ml) in a dry flask under N2 atmosphere,
NaH (60% dispersion in mineral oil, 202mg, 5.059mmol, 3.14 eq/
mol) was slowly added. The mixture was stirred at 0 %C for 10min,
then DMAP (16mg, 0.129mmol, 0.08 eq/mol) and compound 4
(451mg, 1.772mmol, 1.1 eq/mol; prepared according to the
method by Kindermann et al.37 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 ¼ 0.70; Rf BGSN¼ 0.55), then quenched by slow addition
of BRINE and extraction with EtOAc. After drying (Na2SO4) 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%). 1H NMR
(400MHz, DMSO-d6) d 12.48 (bs, NH purine, 1H), 8.43 (t, J ¼ 5.9 Hz,
1H), 7.85 (s, 1H), 7.49 (d, J ¼ 7.7 Hz, 2H), 7.30 (d, J ¼ 7.8 Hz, 2H),
6.31 (bs, NH2 purine 2H), 5.50 (s, 2H), 4.30 (d, J ¼ 5.9 Hz, 2H), 3.36
(t, J ¼ 6.8 Hz, 2H), 2.26 (t, J ¼ 7.4 Hz, 2H), 1.81 (p, J ¼ 7.1 Hz, 2H)
(Figure S4(A)). 13C NMR (100MHz, DMSO-d6) d 171.38, 159.91,
159.69, 155.23, 139.48, 137.90, 135.31, 128.60, 127.34, 113.57,
66.59, 50.36, 41.95, 32.23, 24.58. IR (KBr) cm# 1: 3647, 3484, 3379,
3282, 2794, 2100, 1580, 1403, 1282, 1163, 938, 835, 789, 635, 553.
ESI/MS: m/z [M þ Hþ ] 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-tagVR gene, by using QE_SNAP-Fwd/
QE_SNAP-Rev oligonucleotides pairs (50-ATGGCAGGATCCAA
TGGACAAAGACTGCGAAATG-30/50-CTATCAAAGCTTAACCCAGCCCAG
GCTTGCCCA G-30; BamH I and Hind III sites, respectively, are
underlined). Afterwards, the resulting fragment and the pQE31
vector were digested with BamH I and Hind III restriction enzymes
and ligated, leading to the final pQE-SNAP plasmid. The final
SNAP-tagVR protein was expressed with an extra N-terminal amino-
acidic sequence, comprising a His6-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.

H5 was cloned as previously described22. SNAP-tagVR and H5

proteins were expressed in E. coli ABLE C cells, grown at 37 %C in
Luria–Bertani (LB) medium supplemented with 50mg/l kanamycin
and 100mg/l ampicillin. The protein expression was induced with
1mM isopropyl-thio-b-D-galactoside (IPTG) at an absorbance value
of 0.5–0.6 A600 nm. After overnight growth, cells were collected
and resuspended 1:3 (w/v) in purification buffer (50mM phos-
phate, 300mM 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 60min and then soni-
cated as described (Perugino et al., 2012). After centrifugation of
30min at 60,000 & g, the cell extract was recovered and applied
to a Protino Ni–NTA Column 1ml (Macherey–Nagel) for His6-tag
affinity chromatography. The eluted fractions containing the pro-
tein were collected and dialysed against phosphate-buffered saline
(PBS 1& , 20mM phosphate buffer, NaCl 150mM, 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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2.6 AGTs’ substrate assay by competitive inhibition method

Competitive inhibition assay was performed as described23,38.
Briefly, by using a fixed concentration of the fluorescent SVG
(5 mM) and enzymes (5 mM), an increasing amount of guanine-
derivatives (0–2mM) was added to the mixtures. The reactions
were incubated for 30min at 25 %C and 50 %C for SNAP-tagVR and
H5 respectively, and loaded on SDS-PAGE. Subsequently, fluores-
cent bands were measured by gel-imaging on a VersaDoc 4000TM

system (Bio-Rad), by applying a blue LED/530 bandpass filter.
Obtained data were finally plotted by Equation (1),

RF ¼ 100%

1 þ I½ (
IC50

! " S½ ( (1)

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

finally the IC50 is the concentration needed to reduce by 50% the
fluorescence intensity of the protein band.

We evaluated the activity of SNAP-tagVR and H5 enzymes on
BGN3 and BGSN3 by the afore-mentioned IC50 method (Figure
S5(A,B)) and other O6-guanine-derivatives (Table 1).

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

The Huisgen chemical reaction was evaluated on SNAP-tagVR and
H5 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 5 mM of
an alkyne-derivative of the fluorescein (BDP FL alkyne), in the

Table 1. Substrate specificity of SNAP-tagVR and H5 by competitive inhibition method (IC50) by using SVG as substrate, and second order rate constant of the enzym-
atic reaction of these protein-tags only on the BGSN3 substrate.

Structure Name

SNAP-tagVR SsOGT-H5

NoteIC50 (mM) ka (s# 1 M# 1) IC50 (mM) k (s# 1 M# 1)

N

NN
H

N

O

NH 2

H
N

O

COOH

HO O O SVG – 2.8 & 104 b – 1.6 & 104 [14,24]

N

NN
H

N

O

NH 2

BG 36.8 ± 5.6 – 10.1 ± 1.0 – This work

N

N

O

NH 2

N

N

S
Br SCB 2.1 ± 0.5 – 4.4 ± 0.8 – This work

N

NN
H

N

O

NH 2

N3

BGN3 15.6 ± 0.3 – 23.5 ± 1.0 – This work

N

NN
H

N

O

NH 2

H
N

O

OO N

BG430 NDc – ND – This work

N

NN
H

N

O

NH 2

H
N

H
N

O

O
O

O
NH 2

BGPA 86.0 ± 6.7 – 14.3 ± 1.9 – This work

N

NN
H

N

O

NH 2

O
O

NH 2

n

MGPAd – – 268.9 ± 19.1e – This work

N

NN
H

N

O

NH 2

NH

N3

O

BGSN3 17.8 ± 1.1 4.64 ± 1.04 & 105 10.0 ± 0.7 1.40 ± 0.47 & 104 This work

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.
aReaction rates at 25 %C; bthis value was obtained by using a BG-fluorescein substrate (BG-FL) very similar to SVG; cnot determined; dthis molecule is a O6-methyl-
guanine derivative; ecompetitive assay for H5 was performed at 65 %C.
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presence of copper (1mM), TCEP (1mM), TBTA (0.1mM) 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 2.67GHz 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, Schr€odinger
LLC, 2019).

2.9. Molecular dynamics (MD) simulation

The MD simulations were carried out using the Desmond simula-
tion package of Schr€odinger LLC (Schr€odinger Release 2019–1:
Desmond Molecular Dynamics System; D. E. Shaw Research: New
York, NY, 2019; Maestro-Desmond Interoperability Tools,
Schr€odinger, New York, NY, 2019). The X-ray structure of the H5

covalently bound to SVG was used in this study, entry code
6GA039, water molecules were removed, and all hydrogen atoms
and charges were added. The NPT ensemble with the temperature
of 300 K and a pressure 1 bar was applied in all runs. The simula-
tion length was 100 ns with relaxation time 1 ps. The OPLS_2005
force field parameters were used in all simulations40. The long-
range electrostatic interactions were calculated using the particle
mesh Ewald method41. The cut-off radius in Coulomb interactions
was 9.0 Å. The water molecules were explicitly described using the
simple point charge model42. The Martyna–Tuckerman–Klein chain
coupling scheme43 with a coupling constant of 2.0 ps was used
for the pressure control and the Nos"e–Hoover chain coupling
scheme44 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.14. In this case,
purified proteins (5 mM) were incubated with the substrate (5 mM)
in PBS 1& buffer at 25 %C. Aliquots were taken at different times,
the reactions were immediately stopped in Leammli Buffer 1& in
addition with 10mM 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-H5 with
BGSN3, which was obtained by the afore-described protocol, in
order to get the complete labelling. Then, to each aliquot of 5 mM
of clickable proteins, 20mM of DBCO-PEG4-Fluor 545 fluorophore
was added. At different times, an excess of sodium azide (NaN3,
300mM) 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 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# 1 M# 1) 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 5 mM of each click-
able-protein were incubated for 60min at room temperature in
the dark with 5 mM of fluorescent DBCO-derivative substrates
(BDP FL DBCO, Cy5 DBCO, and DBCO-PEG4-Fluor 545) in a total
volume of 10ml of PBS 1& buffer (Figure 4 and Figure S6). 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 mM of both the enzymes, but in the presence
of an EcCFE diluted in PBS 1& buffer.

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

OctetRED96TM (ForteBio, Fremont, CA) was used to immobilise
specifically SNAP-tagVR and H5 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 300ml per well with 800 rpm shaking for each step. For
the immobilisation procedure, AR2G sensors were first wetted in
200 ml of pure water for at least 15min, followed by an equilibra-
tion step (3min) in acetate buffer 0.1M, pH 5.0. Afterwards, they
were activated with 20mM 1-ethyl-3-(3-dimethyl-amino-propyl)
carbodiimide hydrochloride (EDC)/20mM N-hydroxy-sulfo-succini-
mide (sulfo-NHS) mixture in acetate buffer (60min) and covered
with 2mM propargyl-PEG3-amine bifunctional linker
(BroadPharm, San Diego, CA) in Loading step (20min). 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 (15min) are followed.

During the afore-described procedure, proteins were labelled
with BGSN3. Finally, the immobilisation step for each sample via
Huisgen reaction was carried out at 30 %C for 80min, followed by
a Washing step (20min), 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% CO2 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-tagVR plasmid by using

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 89



Lipofectamine 2000 (Invitrogen) 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 h at different

concentrations ranging (from 1 to 25mM), directly dissolving the
compound in complete culture medium. Then cells were har-
vested, washed with PBS 1& buffer and lysed with 50mM Tris-HCl
pH 7.4, 150mM NaCl, 0.5mM EDTA, 0.1% Triton X-100

(A) (B)

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-PEG4-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.

Figure 3. Molecular modelling on H5 with BG-azides. (A) RMSD of the atomic positions for the compound BGN3 (Lig fit Prot, in red) and the protein H5 (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,
Ionic, Water bridges). (C) RMSD of the atomic positions for the compound BGSN3 (Lig fit Prot, in red) and the protein H5 (Ca 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, Ionic, Water bridges). (E) Solvent
Accessible Surface Area (SASA) of BGN3/H5 (in orange) and BGSN3/H5 (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, I), respectively.
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supplemented with complete protease (Roche, Switzerland) and
phosphatase (SERVA Electrophoresis, Germany) inhibitors.
Afterwards, transfected cells were treated with a fixed concentra-
tion of BGSN3 (10 mM) at different time points (from 30 to
120min). Again, HEK293T cells were washed and lysed as
described before. To confirm the reaction with BGSN3, the same
amount of protein extract (0.91 mg/mL for each sample) was incu-
bated for 30min at 25 %C with SVG. Subsequently, proteins were
loaded on SDS-PAGE and analysed by gel-imaging on a VersaDoc
4000TM 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-tagVR plasmid by using

Lipofectamine 2000 (Invitrogen, USA) following manufacturer’s
protocol. Twenty-four hours after the transfection, cells were
treated with 25mM BGSN3 for 1 h, and the excess of the substrate
was washed out by 2 & 15min, followed by 1 & 30min washes.
Cells where then treated with 2.5mM BDP FL DBCO for 30min
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 II instrument. The analysis was performed
on live singlet cells using FlowJo software (Figure S7(A)).

E. coli ABLE C strain was transformed with SNAP-tagVR plasmid
and protein expressed as previously described. After overnight

Figure 4. Specificity of the Huisgen reaction. Gel-imaging analysis of SNAP-tagVR labelling by a chemo-enzymatic approach with BGSN3 and three different DBCO-deriva-
tive fluorophores. Protein (5mM) was incubated with 5mM of the azide-based BG for 60min 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-tagVR was incubated only with SVG (lane 1, signal marked with
an asterisk).
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(A)

(B)

(C)

(D)

Figure 5. Covalent immobilisation of clickable-tags on the BLI sensor. (A) Covering of the BLI sensor with a bi-functional linker, exposing alkyne groups for the
Huisgen cycloaddition reaction; (B) reaction of the SNAP-tagVR with BGSN3; (C) chemo-enzymatic SNAP-tagVR immobilisation on BLI. The alkyne-covered sensor (silver
cylinder) was immersed in wells containing the buffer (in black), the free SNAP-tagVR (in blue) and the clickable-SNAP (in magenta); (D) column chart relative to the BLI
immobilisation of purified protein-tags alone (black-bordered bars) or in the presence of BGSN3 (magenta-bordered bars). Filled magenta bars represent the BLI immobil-
isation using the EcCFE upon heterologous expression of protein-tags. Standard deviations were obtained from three independent experiments. Data are represented
as mean± SEM.
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growth, samples of 2ml were treated with 100 mM of BGSN3 for
2 h at 25 %C and then collected by centrifugation at 2000 & g. Cell
pellets of 0.05 g were resuspended 1:3 (w/v) in PBS 1& 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 & 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
O6-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-VistaVR

Green as substrate (SVG), as previously described22–24,45. 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 IC50 values determination23,46. As shown in Table 1, SNAP-tagVR

and H5 displayed different behaviours versus these competitors,
without any rationale for the dimension and/or polarity of the
conjugated chemical groups. While SNAP-CellVR 430 (SC430) com-
pletely lost the competition with SVG, both the enzymes are
extremely active on the SNAP CellVR Block (SCB), displaying the
lowest IC50 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
chemotherapeutics47.

In general, all commercially available products used (SVG, SCB,
BG430, and BG-PEG-NH2, BGPA) are good substrates for the
SNAP-tagVR and H5 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 O6-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 O6-methyl-
guanine derivative, used for the immobilisation of SNAP-tagVR on
nanoparticles48. The latter is not a preferred substrate, probably

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.
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because of the absence of the benzyl ring, which leads to com-
plete labelling of the SNAP-tagVR and H5 after over-night incuba-
tion at 4 %C48 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 O6-BG was employed in the synthesis of compounds by
the Huisgen cycloaddition with azide-based fluorescent probes49

or, inversely, by using the O6-BG-N3 (BGN3, Figure S1) for the con-
jugation with alkyne-based chemical groups34. We evaluated the
enzymatic reaction of the H5 and the SNAP-tagVR 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 IC50 (Table 1 and Figure S5(A,B)).

After the enzymatic reaction of H5 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
performed13,14,24.

3.3. Molecular modelling on the H5 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 H5 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,C)). 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 react50. In Figure 3 is reported the fluctuation of the SASA
values over the simulation time together with the structure model
of the H5 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 Å2 compared to BGSN3, which shows a higher
SASA value 68.302 ± 32.455 Å2. 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 O6-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-H5 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 1& 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 ± 0.41 & 103 s# 1 M# 1 for SNAP-tagVR ; 1.54 ± 0.39 & 103

s# 1 M# 1 for H5), 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 H5 enzyme, which displays a better labelling reaction
than the mesophilic SNAP-tagVR (Figure S6). Probably, something in
the extract might impede SNAP-tagVR 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-tagVR 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 Johnsson37,
followed by other groups with the same substrate51 or a biotin
BG-derivative52. 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-tagVR 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. 80min), 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-tagVR

respect to the thermophilic H513,24. 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-tagVR 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-tagVR 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-tagVR technology con-
cerns the field of cell biology, where detecting fluorescent-
tagged-POIs in living cells represents an important tool to study
protein functions and locations53. 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. 30min; Figure 6, lane 3)
and at concentrations comparable with commercial cell biology
BG-substrates (in the range of <5 mM; 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-tagVR 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-tagVR , as well as for the others
AGTs22–24,37,46,54 the 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 reaction13,24; (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)55. 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

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-tagVR 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-tagVR reaction into two fast steps,
as experimentally measured (Figure 2(A,B)), does not affect the
overall rate and efficiency of the protein labelling13,24, thus open-
ing new perspectives and widening the applications of this power-
ful biotechnology.
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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 (ASLtag), 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 (H5) 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 (SsbGly)
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.
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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’1. 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 times2.
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 enzymes3. 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))3–6. Recently, the use of protein-tags based on an engi-
neered version of the human O6-alkyl-guanine-DNA-alkyl-transfer-
ases (hAGT) is an effective alternative for the covalent
immobilisation of proteins and enzymes (Figure 1(d))7–9. 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 O6-alkyl-guanines to their cysteine residue in the active
site10–13. In 2003, Johnsson and his group demonstrated that most
enzymes of this class display relatively low substrate specificity,
making them reactive also with free O6-benzyl-guanines (O6-BG)

nucleobases14. This led to the development of the so-called SNAP-
tagTM technology, which uses derivatives of O6-BG potentially con-
jugated with an unlimited number of chemical groups15–18. This
system allows the immobilisation on O6-BG-derivatised surface of
the protein expressed in fusion with the SNAP-tag18 (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))19,20. 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 domain21. Both domains play a role in the anchoring
of proteins to the outer membrane21. 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 biosensors22–24. The N-terminal domain of INP
(INPN) was recently and successfully used for the one-step proced-
ure immobilisation (Figure 1(g))22–29. Moreover, Capasso et al.
demonstrated that the amount of a thermostable carbonic anhy-
drase30–33 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 nanoparticles30,34.
Here, we introduce a novel protein-tag system, (hereinafter
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Anchoring-and-Self-Labelling-protein-tag or ASLtag), 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 ASLtag system is formed by the INPN domain fused to an
engineered and thermostable variant of the alkylguanine-DNA-
alkyl-transferase (H5) from the hyperthermophilic archaeon
Sulfolobus solfataricus35,36. This enzyme was extensively
characterised, suggesting its biotechnological role as thermostable
alternative to the commercial SNAP-tagTM 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 islandicus35–37. Thus, using the sub-
strate of H5, a fluorescein derivative of the O6-BG (Figure 2), we
successfully estimated the expression of the ASLtag 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 ASLtag

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 GreenTM, hereinafter BG-
FL) were purchased from New England Biolabs (Ipswich, MA);
molecular biology kits for the plasmid preparations and DNA gel

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

2.2. DNA constructs

To obtain the pET-ASLtag construct, we replaced the a-carbonic
anhydrase (SspCA) gene with the ogtH5 gene in the previously
described vector pET-22b/INPN-SspCA30. By the latter and the
pQE-ogtH5 35 plasmid as template, the DNA fragments relative to
the INPN domain and H5 were respectively amplified with the
INPN- and H5-Fwd/Rev oligonucleotides pairs (listed in Table 1),
under the following conditions: an initial denaturation at 95.0 "C
for 5min, 30 cycles of 30 s at 95.0 "C, 30 s at 50.0 "C and 30 s 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 H5-Fwd oligonucleotide, obtaining the final ASLtag DNA frag-
ment. Subsequently, this fragment and the pET-22b/INPN-SspCA
vector were digested with Hind III and Xba I 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-ASLtag-
SspCA construct: the ASLtag DNA fragment obtained this time
using the H5-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-ASLtag-lacS plasmid preparation started with
the achievement of the DNA fragment relative to the ogtH5 gene
fused to the b-glycoside hydrolase from the thermophilic archaea
Sulfolobus solfataricus (lacS), obtained by the Hind III/BamH I
digestion from the pQE-ogtH5-lacS plasmid36. The pET-ASLtag 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 lacS gene product
(SsbGly) on the Ampicillin selective Luria-Bertani (LB) Agar plates
supplemented with 5-bromo-4-chloro-3-indolyl-b-D-glucopyrano-
side (X-Glc), and the insertion confirmed using PCR analysis. This
intermediate vector was further digested with BamH I, treated
with Alkaline Phosphatase Calf Intestinal (CIP) and ligated to the
BamH I/BamH I INPN DNA fragment, derived from the digestion of
the pET-ASLtag plasmid. In this case, positive blue colonies on

Figure 2. The ASLtag protein. The ASLtag gene is composed by the inpn ORF (in white) in frame fused to the ogtH5 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
H5 moiety allows the quantitative estimation of the yield of E by the irreversible alkyl-transferase assay using a fluorescent O6-benzyl-guanine derivative (BG-FL).
Between inpn and ogtH5, a spacer (in pink), a thrombin cleavage site (shown as an orange triangle) and a 6#His-tag (in black) were inserted, for the easy separation
and purification of any H5-E fusion protein.
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LB-Amp-X-Glc agar plates were confirmed by Pst I restriction
enzyme digestion analysis.

2.3. Determination of the protein expression by a fluorescent
assay based on the H5 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 100.0mg/L ampicillin and 30.0mg/L chloram-
phenicol; expression was induced with 1.0mM isopropyl-thio-b-D-
galactoside (IPTG) when an absorbance value of 0.5–0.6 A600 nm

was reached, or in the ZY auto-induction medium (AI)38, supple-
mented with the same selective antibiotics. After an overnight
incubation, whole cells were collected and assayed by using the
BG-FL fluorescent H5 substrate previously described35–37,39 for a
qualitative measurement of the protein expression, an aliquot of
1.0mL of cells was centrifuged at 4000# g and the pellet was
resuspended in 50.0 lL of 5.0 lM BG-FL in phosphate-buffered
saline (PBS 1#, 20.0mM phosphate buffer, NaCl 150.0mM, pH
7.3). After an incubation for 2.0 h at 37.0 "C, reactions were
stopped by denaturing the samples in Leammli Buffer 1# and dir-
ectly loaded on SDS-PAGE, followed by gel-imaging on a VersaDoc
4000TM 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 OD600nm 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 H5 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 H5

were fitted by a linear equation, whose parameters were then
used for the estimation of the amount of expressed H5-derivated
fusion proteins, assuming that the activity of the H5 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
OD600nm is ca. 8.0# 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 cells40.

2.4. Membranes fractionation

The E. coli outer (OM) and inner (IM) membranes were purified by
following a procedure previously described27. Briefly, harvested
bacterial cells were resuspended 1:20 (g/mL) in 25.0mM Tris/HCl
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# 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 1#,

containing 0.01mM MgCl2 and 2.0% Triton X-100. After incubation
at room temperature for 30.0min, the solution was centrifuged as
described above. Then, a defined amount of the OM fraction
obtained was assayed for the H5 activity, leading to the quantita-
tive determination of the total amount of fusion protein, as previ-
ously described.

2.5. Thrombin assay

The ASLtag on the OM was cleaved with the Thrombin Protease, in
order to separate the H5 moiety from the INPN transmembrane
domain. A suspension of E. coli whole cells was gently centrifuged
at 3000# g for 10.0min at 4.0 "C and then resuspended in a half
volume of PBS 1#. The sample was incubated with 30.0 U of
Thrombin Protease at 25.0 "C overnight under gentle agitation in
the presence of 5.0 lM 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-ASLtag plasmids were IPTG-inducted,
grown overnight at 37.0 "C and finally diluted until OD600nm of
1.0. An amount of cells corresponding to a volume of 1.0mL of
the culture was washed twice in PBS 1# and finally resuspended
in 50.0 lL of the same buffer supplemented with 5.0 lM of the
BG-FL substrate. After an incubation at 37.0 "C for 30.0min, 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 kex¼ 490nm; kem¼ 525nm, respectively.

2.7. b-glycoside hydrolase assay

The b-glycoside hydrolase assay was performed as previously
described41 at different temperatures in 50mM sodium phosphate
buffer at pH 6.5, in the presence of 2Np- and 4Np-Glc substrates
at 5.0mM final concentration. OM fractions containing ASLtag and
relative fusion proteins amounts ranging from 1.0 to 5.0 lg 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 (eM) values
of 2- and 4-nitrophenol in 50mM sodium phosphate buffer pH 6.5
at different temperatures, as previously reported41. We defined as
one unit of enzyme activity the amount of enzyme hydrolyzing
1.0 lmol of substrate in 1.0min, under the above-
described conditions.

Table 1. Oligonucleotides used in this study.

Oligonucleotide Sequence

INPN-Fwd 50-TAATACGACTCACTATAGGG-3’
INPN-Rev 50-GGTGATGGTGAGATCCTCTCGGAACCAGAGATCCATAGGCTTCAATCAGATCGC-30

H5-Fwd 50-GCGATCTGATTGAAGCCTATGGATCTCTGGTTCCGAGAGGATCTCACCATCACC-30

H5-Rev 50-TCACCTTCATATGACCATTCATGTTCGCTACCATAAGCTTCTGTCGACGGTACCTCGAGTTCTGG-30

H5-Rev2 50-ATTGAGCAACTGACTGAAATGCC-30

SspCA-Fwd 50-CCAGAACTCGAGGTACCGTCGACAGAGGCTTATGGTAGCGAACTGAATGGTCATATGAAGGTGA-30

SspCA-Rev 50-CTAGTTATTGCTCAGCGGT-30
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2.8. Carbonic anhydrase assay

CA activity assay was a modification of the procedure described
by Capasso et al.33. Briefly, the hydratase assay was performed at
0 "C using CO2 as substrate following the pH variation due to the
catalyzed conversion of CO2 to bicarbonate. Bromothymol blue
was used as pH indicator. The production of hydrogen ions during

the CO2 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 (T0 % T)/T, where T0 (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 ASLtag in E. coli

The in vivo alkyl-transferase fluorescent assay of H5 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

Figure 3. The ASLtag expression in E. coli. (a) E. coli BL21(DE3) strain transformed with the pET-ASLtag plasmid was grown in IPTG-inducted or in auto-induction
medium (AI). After the in vivo OGT assay, a defined amount in micrograms of whole cells at OD600nm of 1.040 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 H5 or H5-based fusion proteins, and the
free BG-FL substrate, respectively. M: molecular weight marker. (b) Quantitative estimation of the ASLtag expression: defined amount of cells and purified H5 protein (in
pmols) were loaded and analyzed on a SDS-PAGE (on the left). Fluorescent values obtained from H5 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 ASLtag in E. coli cells and shown in Table 2.

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

MWa

(kDa)
ASLtag-E
ratio

Fusion yieldb

(pmol H5/mg)
E yieldc

(lg/mg) (r2)d

ASLtag 42.0 – 152.5 ± 15.7 – 0.9977
ASLtag-SspCA 70.2 1:1 58.4 ± 11.6 1.54 ± 0.30 0.9986
ASLtag-SsbGly 98.8 4:1 30.6 ± 13.2 7.2 ± 3.1e 0.9980
aCalculated from the primary structure.
bOn the basis of the H5 activity on fluorescent gel-imaging analysis (see
Materials and Methods).

cThe amount of the immobilised enzyme without the ASLtag.
dCorrelation coefficient of the linear curve obtained from the H5 values of fluor-
escence as a function of the amount of the loaded protein.

eThe tetrameric form of the catalytically active SsbGly enzyme.
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Figure 4. Localisation of ASLtag in E. coli. (a) gel-imaging and Coomassie staining analyses after SDS-PAGE of different loaded amount of the whole cells, the relative
cytoplasmic fraction (FCE), the inner (IM) and the outer membrane (OM) fractions. (b) Cleavage of ASLtag by the Thrombin protease (T) on whole cells (W). After the
H5 reaction during the protease treatment, cells were centrifuged, separating the supernatant (S) from the intact cells (C). (c) E. coli BL21(DE3) cells transformed with
pET-22b/INPN-SspCA (Top) or with pET-ASLtag (bottom) were incubated with BG-FL and then analyzed at fluorescence microscopy. Images show bright field (BHF),
AlexaFluor488 (green) and merged images. All used symbols are described in Figure 3(a).
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and S. islandicus, without any purification procedure35–37. The
in vivo assay is possible since the bacterial cells are permeable to
OGT fluorescent substrates (as the commercially available SNAP-
Vista GreenTM or SNAP-Cell TMRTM); and the catalytic activity at
mesophilic temperatures (25–37 "C) of H5 mutant is one order of
magnitude higher than the SsOGT wild-type counterpart and com-
parable to the commercial SNAP-tagTM36. Despite GFPs utilisation,
the covalent conjugation of H5 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
Methods35–37,39.

To evaluate the expression of the ASLtag, E. coli BL21(DE3)/pET-
ASLtag cells were grown in LB medium and induced with IPTG or
in the AI. In the latter case, although the expression level of the
fusion protein was satisfactory, the presence of only the H5 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 ASLtag on the outer membrane of E. coli with fol-
lowing breaking/cleavage events, especially in the spacer region
between INPN and H5 (Figure 2). On the other hand, after the
IPTG induction, a strong and clear signal at the expected

Figure 5. Heterologous expression of thermostable enzymes fused to ASLtag. SDS-PAGE analysis of the ASLtag-SspCA (a) and ASLtag-SsbGly (b) expression. (a)
Fluorescent signals on the F panel correspond to bands whose molecular weights are attributable to the protein fusions shown in the schemes. (b) 1.0mM IPTG-
inducted cells gave a very high fluorescent band (marked by an asterisk), presumably corresponding to the tetrameric form of SsbGly linked to 4#ASLtag units, as
shown. All used symbols are described in Figure 3(a).
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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 plasmids35,36.
As proof, transformed E. coli BL21(DE3) strain with the pQE-
ogtH5 plasmid36 showed a very low expression of free H5

(Supplementary Figure S1), whereas the fusion with the INPN
domain and the consequent translocation on the outer cell
membrane made the H5 expression possible in this strain. The
comparative fluorescent analysis with a defined amount of free
H5 enzyme, allowed us to quantitatively measure the heterol-
ogous expression of ASLtag as pmol/mg of the whole wet cells
(Figure 3(b) and Table 2). The assay on H5 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 ASLtag

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 H5

moiety (Figure 2). The fluorescent signal corresponding to the
MW of the H5 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 ASLtag 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 ASLtag-contain-
ing plasmid (Figure 4(c)), indicating that the fusion protein is
stable and proficient to labelling. This data suggest that ASLtag

is suitable for localisation and analysis of membrane proteins,
and provide an opportunity for further in vivo analyses of
ASLtag-tagged proteins of interest under physio-
logical conditions.

3.2. In vivo immobilisation of thermostable enzymes by ASLtag

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. coli30. Following this strategy,
we realised a plasmid expressing the ASLtag-SspCA construct by
inserting the ogtH5 gene between the INPN and SspCA.
The expression profile analyzed by following the H5 activity on
BG-FL confirmed that in the AI multiple fluorescent signals are
present (Figure 5(a)), mainly represented by the full-length
ASLtag-SspCA (70.2 kDa; ca. 65% of the total fluorescence inten-
sity) and lower band (ca. 35%) closer to 37 kDa than 50 kDa
(Figure 5(a)). This signal is compatible to the ASLtag (42.0 kDa)
as well as the H5-SspCA moiety (46.0 kDa), 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:H5: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. 1.5 lg
of the sole immobilised carbonic anhydrase per mg of cells
(Table 2). Preliminary assays on ASLtag-SspCA indicated that the
presence of H5 does not hamper the hydratase activity of the

SspCA, if compared with that of the previously expressed INPN-
anchored enzyme30 (data not shown).

ASLtag system was also tested with another thermostable
enzyme, the b-glycoside hydrolase (SsbGly) from the thermo-
philic archaea S. solfataricus42. We previously demonstrated that
the cytoplasmic H5-SsbGly 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 other36. Interesting to note that anchoring
this protein fusion to the bacterial outer membrane by the
INPN domain is particularly challenging because SsbGly is active
only in its tetrameric form43,44. 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 SsbGly41 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-
ASLtag-SsbGly cells displayed a fluorescent signal of expected
molecular weight (98.8 kDa), corresponding to one monomer of
SsbGly fused to one ASLtag 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 H5-SsbGly fusion, it could
suggest that it corresponds to a partially denatured part of the
tetrameric form of ASLtag-SsbGly (ca. 400.0 kDa), which is par-
ticularly resistant to thermal denaturation36,42,43,45. Finally, an
amount of 0.24 lg/mg of immobilised SsbGly on the OM frac-
tion (on the basis of the calculated H5 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 ± 1.5 U/mg (70 "C), respect-
ively, whereas OM fraction containing the sole ASLtag did not
result in any b-glucosidase activity, as expected (data not
shown). These values are correctly related to the activity of
SsbGly45, 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 surface43, we hypothesised an invagination of
the E. coli outer membrane to allow the assembly of four units
of the ASLtag-SsbGly (Supplementary Figure S2).

Figure 6. The biotechnological potential of the ASLtag. Any chemical group of
interest (open star) conjugated to the BG-substrate (black closed circle) could be
covalently bound to the H5 moiety (in green) of the ASLtag. 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.
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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 ASLtag 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
solvent20,30; (iii) an indirect labeling, by the reaction of a thermo-
stable variant of the SNAP-tagTM (H5)46,47, which covalently links
desired chemical groups conjugated to its benzyl-guanine sub-
strate14,35. ASLtag favoured the expression of a monomeric protein
(e.g., the thermostable SspCA) and an enzyme having a complex
quaternary structure (e.g., the thermophilic SsbGly), 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 ASLtag 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 H5 reaction36 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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ABSTRACT
Carbonic anhydrases (CAs, EC 4.2.1.1) are a superfamily of ubiquitous metalloenzymes present in all living
organisms on the planet. They are classified into seven genetically distinct families and catalyse the hydra-
tion reaction of carbon dioxide to bicarbonate and protons, as well as the opposite reaction. CAs were
proposed to be used for biotechnological applications, such as the post-combustion carbon capture proc-
esses. In this context, there is a great interest in searching CAs with robust chemical and physical proper-
ties. Here, we describe the enhancement of thermostability of the a-CA from Sulfurihydrogenibium
yellowstonense (SspCA) by using the anchoring-and-self-labelling-protein-tag system (ASLtag). The anchored
chimeric H5-SspCA was active for the CO2 hydration reaction and its thermostability increased when the
cells were heated for a prolonged period at high temperatures (e.g. 70 "C). The ASLtag can be considered
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

The hydration/dehydration reaction involving carbon dioxide,
water, bicarbonate, and protons (CO2 þ H2O ! HCO3

$ þ Hþ ) is a
fundamentally important process for the planet and all its associ-
ated forms of life1–9. The dissolution of CO2 in the aqueous phase
develops carbonic acid (H2CO2), which is subject to an ionisation

reaction producing bicarbonate (HCO3
$ ), whereas this last species

then generates carbonate (CO2) through a second dissociation
reaction. These species are disseminated in the fluids of the all liv-
ing organisms and are involved in a large number of physiological
processes, such as some biosynthetic pathways, photosynthesis,
respiration, pH homeostasis, secretion of electrolytes, etc.9–11. At
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physiological pH, the naturally uncatalysed CO2 hydration reaction
has a catalytic constant (kcat) of 0.15 s

$ 1, whereas the uncatalysed
dehydration shows a kcat of 50.0 s

$ 1 12,13. 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 (CO2,
HCO3

$ , CO3
2$ )9. 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 kcat
varying from 104 to 106 s$ 1 for the hydration reaction12,13.

Up to date, CA superfamily contains seven genetically distinct
families (or classes), named a-, b-, c-, d-, f-, g-, and !-CAs9,14,15,
characterised by multiple transcript variants and protein isoforms,
with different biochemical properties and specific tissue/organ
and sub-cellular localisations7,9,12,16–19. Generally, only a-class
enzymes are present in the animals20,21, whereas a-, b-, c-, d- and
h-classes are found in plants and algae; a- and b-CAs in fungi; a-,
b-, and/or g-CAs in protozoans; a-, b-, and c-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 pathogens4,7,26–28. Furthermore, they are biocatalysts often
used in biotechnological applications29,30, such as the post-com-
bustion carbon capture process, artificial lungs, and biosen-
sors31,32. Many such processes are characterised by conditions,
which may be deleterious to an enzyme belonging to the meso-
philic organisms25,33–45. 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 a-CA class and showed
an excellent activity as catalysts for the CO2 hydratase reaction
(kcat ¼ 105–106 s$ 1)30,46–52. Interestingly, 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 "C30,46–52. 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 thermostability29,30. Moreover, Russo
et al. reported the use of free SspCA in experiment of CO2 absorp-
tion53 demonstrating that it is an excellent candidate for the bio-
mimetic capture of CO2. 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 glycol54; onto supported ionic liquid mem-
branes (SMLs), in order to realise a system able to selectively
separate and transform CO2

55. 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 CAs56.
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.

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 syringae57.

In this article, we describe the improvement of the thermo-
stability of SspCA by using a novel protein-tag system, the
ASLtag58. The anchored SspCA was fused to the thermostable
variant of the alkylguanine-DNA-alkyl-transferase (H5) from the
hyperthermophilic archaeon Sulfolobus solfataricus. The chimeric
H5-SspCA was efficiently overexpressed on the bacterial surface
of Escherichia coli. The protonography technique showed that
the neosynthetised H5-SspCA was active for the CO2 hydration
reaction. Even more intriguing, the chimeric H5-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 ASLtag 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 H5-SspCA
overexpression

The vector pET-22b/INPN-SspCA was used to produce the pET-
ASLtag-SspCA vector, which overexpressed onto the bacterial sur-
face the chimeric H5-SspCA. The pET-22b/INPN-SspCA and pET-
ASLtag-SspCA vectors were prepared as described previously57,58.
For overexpressing the chimeric H5-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-b-D-galacto-
side (IPTG) and 0.5mM ZnSO4 at an OD600 of 0.6–0.7. After add-
itional growth for 6 h, the cells were harvested by centrifugation
and washed three times with PBS 1& . Aliquots of cells were
resuspended in 25mM Tris/HCl 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.59. Briefly, the assay was performed at 0 "C using
CO2 as substrate and following the pH variation due to the cata-
lysed conversion of CO2 to bicarbonate. Bromothymol blue was
used as the indicator of pH variation. The production of hydro-
gen ions during the CO2 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 (T0$ T)/T, where T0 (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
(H5-SspCA or SspCA) was carried out using an amount of whole
cells or outer membranes ranging from 1.0 to 5.0mg. Sodium
dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis
(PAGE) was performed as described by Laemmli using 12%
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gels.60 Samples were dissolved in buffer with 5% b-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 H5-
SspCA or SspCA, and a solution of free SspCA (enzyme overex-
pressed as cytoplasmic protein and purified as described previ-
ously59). 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-H5-SspCA
hydratase activity on the gel as described by Del Prete et al.61,62

and De Luca et al.63. To perform the Western-Blot, after a 12%
(w/v) SDS-PAGE, the overexpressed cytoplasmic SspCA and the
membrane-bound enzymes (SspCA and H5-SspCA) were also
electrophoretic transferred to a PVDF membrane with transfer
buffer (25mM Tris, solubilised whole cells 192mM 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 1& 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 1& Wash
Buffer. Finally, the membrane was incubated with the Detection
Reagent Working Solution and incubated for 3.0min at RT and
then developed with X-ray film.

2.4 Determination of the H5 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 H5-derived fusion proteins was analysed
by an in vitro assay with the fluorescent SNAP-Vista GreenTM sub-
strate (New England Biolabs, Ipswich, MA; hereinafter BG-FL), as
previously described58,64. The in vivo imaging was carried out as
described by Merlo et al.58. Briefly, bacterial cells expressing the
H5-SspCA onto cell surface were washed twice in PBS 1& and
resuspended in 50.0 ll of the same buffer supplemented with
5.0lM of the BG-FL. After incubation at 37.0 "C for 30.0min, 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 kex ¼ 490 nm;
kem ¼ 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.57. Briefly, 2.0 g

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
1& ) containing 0.01mM MgCl2 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 120,000& g and used for further experiments.

Figure 1. Fluorescence microscopy of E. coli BL21(DE3) cells transformed with
pET-22b/INPN-SspCA (left) or with pET-ASLtag-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 ASLtag system.

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 37.0 kDa; Lane 1, anchored SspCA; Lane 2, anchored
H5-SspCA.
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2.6 Temperature stability studies

2.6.1 Thermostability
Bacterial cells (2.0 g/20ml) were incubated at 25.0, 50.0, and
70.0 "C for different time up to 24 h to compare the stability of
the membrane-bound enzymes (SspCA and H5-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 CO2 as the substrate. All data have been
analysed using GraphPad Prism version 5.0 software (GraphPad

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

2.6.2 Long-term stability
Membrane-bound SspCA or H5-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 CO2 as
substrate and withdrawing aliquots of cell surface SspCA or

Figure 3. Model representation of an outer membrane fraction (OM; pdb from Tieleman and Berendsen65) describing the in vivo immobilisation of SspCA (in blue; PDB
ID: 4G7A; panel A) and in fusion with H5 (in green; PDB ID: 6GA0; panel B). The INPN domain is omitted because inserted in the OM. The catalytic reaction of SspCA
(the hydration/dehydration of CO2) and H5 (the conversion of BG-FL in the free guanine and the fluorescent benzyl-guanine derivative, B-FL, covalently linked to the
active site of H5) are also shown.
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H5-SspCA at appropriate times. All the buffers were sterilised by
using a sterile 0.22lm filter, while samples containing the mem-
brane-bound enzymes were treated with a diluted solution of
NaN3 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 H5-SspCA

Expression of the SspCA and H5-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 H5-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 H5-SspCA,
named anchoring-and-self-labelling-protein-tag (ASLtag), allowed
the labelling of the neosynthesised protein fused to H5 through
the use of the fluorescein derivative of the O6-BG (BG-FL), which is
the substrate of H5. As reported in Figure 1, the expression of the
chimeric H5-SspCA on the bacterial surface has been confirmed
using the H5 substrate and analysing the whole bacterial cells
with fluorescent microscopy. The irreversible reaction of the
ASLtag system with a fluorescent substrate allowed the quantita-
tive determination of the immobilised bacterial a-CA or of other
proteins fused to H5, by in vitro gel-imaging techniques as
described by Del Prete et al.57 and Merlo et al.58. Diversely from
H5-SspCA, the expression of the anchored His-tagged SspCA

(without the H5) has been confirmed only by the Western Blot
analysis using an anti-His-tag antibody (Figure 2), indicating an
expected molecular weight of 50.0 kDa (the sum of the INPN and
SspCA polypeptide chains produced with the construct pET-22b/
INPN-SspCA; see the experimental section). Anchored His-tagged
H5-SspCA showed a higher molecular weight (70.0 kDa) with
respect to the non-chimeric protein because of the presence of
the H5 protein (158 amino acid residues). The H5-SspCA Western-
Blot fully supports the fluorescence microscopy results. Thus,
using this one-step procedure, the thermostable proteins a-CA
(SspCA) and the chimeric ASLtag -SspCA56 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 H5-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
CO2 and the conversion of BG-FL in the free guanine and the
fluorescent benzyl-guanine derivative covalently linked to the
active site of H5).

3.2 Hydratase activity of the membrane anchored SspCA and
H5-SspCA

Using CO2 as the substrate, the hydratase activity of all the forms
of SspCA has been investigated in solution57. The results showed
that the membrane-bound SspCA with and without H5 was an
active enzyme, when immobilised on the bacterial surface. The
CO2 hydratase activity of SspCA and H5-SspCA did not show any
differences. The results also evidenced that 1.0 mg of bacterial cells
had a CO2 hydratase activity corresponding to that of 10.0 ng of

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 ASLtag-SspCA, INPN-SspCA and the free SspCA, respectively.
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free SspCA. Probably, anchored SspCA or H5-SspCA is subjected to
various phenomena, which influence the enzymatic reaction, e.g. a
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
cell surface microenvironment, and, finally, an aggregation of the
cells or outer membranes used in the assay. Otherwise, the activ-
ity of SspCAs was compared by using the protonography, which is
a technique able to reveal the hydrogen ions produced by the
hydratase activity reaction as a yellow band on the SDS-PAGE. The
protonography results showed that the all the forms of SspCA
(the two membrane-bound ones and the free enzyme) had a com-
parable enzyme activity and a different molecular weight on SDS-
PAGE (Figure 4, panel A and C). Protonography corroborated the
results obtained with the fluorescent microscopy (Figure 1) and
Western Blot (Figure 2). Interestingly, H5-SspCA fluorescent band
at a molecular weight of about 70.0 kDa (Figure 4, panel B)

indicated that the presence of SspCA does not affect the activity
of the thermostable H5 enzyme on the BG-FL substrate.

3.3 Stability of SspCA and H5-SspCA linked to the bacterial
cell surface

Using the whole bacterial cells expressing on the external surface
SspCA or H5-SspCA, the effect of the CO2 hydratase reaction as a
function of temperature has been investigated. In Figure 5, the
residual activity of the SspCA and H5-SspCA remained almost con-
stant at 25.0 and 50.0 "C, retaining their residual activity at 100%
up to 24 h (panel A) and at 70% up to 6 h of incubation (panel B),
respectively. In contrast, it is readily apparent that at higher tem-
peratures (70.0 "C) SspCA and H5-SspCA behave differently (Figure
5, panel C): the residual activity of SspCA started to decline rapidly
after 2 h, getting a value of about 60% after 14 h of incubation;

Figure 5. The thermostability of immobilised SspCA and H5-SspCA on the bacterial surface. Measures were carried out at indicated temperatures, by using aliquots of
the whole cells incubated up to 24 h. Legend: continuous line, membrane-bound H5-SspCA; dashed line, membrane-bound SspCA. Each point is the mean of three
independent determinations.

Figure 6. The long-term stability of immobilised SspCA and H5-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.
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whereas the stabilising effect of H5 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 ASLtag 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 15min57. This
aspect is crucial in the context of the post-combustion carbon
capture process, which requires temperatures ranging from 40.0
and 60.0 "C53. Figure 6 shows the residual activity for the CO2

hydration reaction for SspCA and H5-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 H5-
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 H5-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 ASLtag system efficiently overexpressed the chimeric H5-SspCA
onto to the bacterial cell surface, as demonstrated by fluorescence
microscopy and Western-Blot. As expected, the CO2 hydratase
assay and the protonography showed that SspCA was still very
active, even linked on the bacterial surface and the H5 moiety,
showing a CO2 hydratase activity similar to that of its anchored
counterpart without H5. Furthermore, by investigating the behav-
iour of the whole bacterial cells expressing on the external surface
SspCA or H5-SspCA at different temperatures, we demonstrated an
enhancement in terms of thermal stability of the chimeric protein.
In conclusion, the H5-SspCA obtained by the ASLtag 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 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 O6-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 O6 (O6-MG; 6% of
adducts formed), the N7 of guanine (N7-MG; 70%), and the N3 of adenine (N3-MA; 9%) [1]. Alkylation
of guanine (O6-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 O6-AG
incorrectly base-pairs with thymine generating a transition from G:C to A:T [2]. The mutations caused
by O6-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 O6-alkyl-guanine-DNA-alkyl-transferase
(AGT or OGT) or O6-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 (17–22 kDa) that are widely
present in organisms of the three kingdoms (bacteria, archaea, eukaryotes) but apparently absent from
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plants, 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). Figure 1

damaged DNA
(O6-MG)

alkylating agent
(Temozolomide, TMZ)

hMGMT inhibitor
(Lomeguatrib)

engineered hMGMT
(SNAP-tag®)

O6-benzyl-guanine
derivative

catalytic
cysteine

O6-MG

alkylated
cysteine

repaired 
guanine

recognition of alkylated-AGT and
degradation via proteasome

catalytic
cysteine

Lomeguatrib

blocked
cysteine

inactivated human MGMT and 
restored the alkylating agent 

treatment efficacy

catalytic
cysteine

labelled
protein

self labelling protein-tag
for the covalent linking

to any chemical group of interest

E.C.: 2.1.1.63

mutations on HTH:
no DNA binding 

activity

O6-BGd

Figure 1. The O6-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.
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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

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 O6-benzylguanine (O6-BG) and the strong
inactivator O6-[4-bromothenyl]-guanine (O6-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, O6-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 O6-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 O6-BG
(O6-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



Int. J. Mol. Sci. 2020, 21, 2878 4 of 19

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 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 O6-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.

Applications FPs Affinity Tag SNAP-Tag Notes

In vivo imaging + a +

Substrate utilization + − − FPs do not need of any substrate
for their fluorescence

Emission spectra ± − +
FPs are in a limited number with

respect to chemical probes
Time-resolved
fluorescence ± − +

Multi-colour fluorescence ± − +
For FPs, multi-cloning and

expression is necessary
In vitro applications ± ± +

Variety of chemical group
labelling − − +

Pulse-chase analysis − − +
Fresh synthetized FPs cannot be

efficiently quenched

Anaerobic conditions − + +
FPs’ fluorophore formation

requires oxygen
Protein purification + + + Utilization of the GFP-trap matrix

Protein immobilization + + + Utilization of the GFP-trap matrix
Pull-down experiments + + + Utilization of the GFP-trap matrix

a +, 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 was identified as the
most primitive bacterium, is closer to the mammalian AGTs than other bacterial homologues in terms
of O6-BG sensitivity [34].
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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.
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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 O6-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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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
α-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 α-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 (S40–S41) 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 (S96), distinctive of SsOGT, as C-cap. Furthermore, helix H4 contains
two serine-based capping among which the one placed at NTD (S100) 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].

Table 2. Comparison of solvent-accessible surface area and intramolecule contacts.

Topt (◦C) Enzyme (PDB ID) Total SASA
(Å)

Charged Residues
Contacts

Intramolecule
H-bonds a References

37 Escherichia coli Ada-C
(1SFE) 8421.8 74 141 [49]

37 Mycobacterium tuberculosis
OGT (4BHB) 9535.2 56 143 [38]

37 Homo sapiens MGMT
(1EH6) 8764.3 71 127 [6]

80
Saccharolobus solfataricus

OGT
(4ZYE)

8054.1 94 137 [39]

80 Sulfurisphaera tokodaii OGT
(1WRJ) 8049.5 124 134 PDB b

80
Methanocaldococcus

jannashii MGMT
(2G7H)

17,770.8 c N.D. N.D. [50]

85
Pyrococcus kodakaraensis

MGMT
(1MGT)

8302.8 111 157 [48]

a Excluding intra-residues H-bonds. b https://www.rcsb.org/structure/1wrj. c The structure has been solved by
means of NMR explaining the high SASA value.

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
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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.

3. The O6-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 (3H or 14C) O6-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 32P-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 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 O6-MG or
O6-BG in different positions that varied from the 3’ to the 5’ end and whether they could be used as
chemotherapy agents. IC50 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 Fàbrega, 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 O6-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 Förster Resonance Energy
Transfer (FRET) energy transfer takes place, resulting in a decrease of the fluorescence intensity [58].
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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 O6-BG, with
the exception of the E. coli Ada-C [61,62].

100 

80 

60 

40 

20 

0 

R
el

. F
lu

or
es

ce
nc

e 
In

te
ns

ity
 

100 80 60 40 20 120 

F 

C 
0 5 10 30 60 90 120 

time (min) 

time (min) 

2nd order
rate constant

(in s-1 M-1)

catalytic activity

AGT AGT

F

C

O6-MG dsDNA oligo (µM)

100

1 × 10-3 1 × 10-2 1 × 10-1 1 × 101

0

20

80

60

40
R

el
. F

lu
or

es
ce

nc
e 

In
te

ns
ity

1 × 100

IC50

DNA repair activity

O6-MG
dsDNA oligonucleotide

fluorescein-O6-BG

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 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 O6-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
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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 hMGMT [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 AGTs’ structures are also available in the
Protein Data Bank site (Figure 2a) (http://www.rcsb.org/pdb/results/results.do?tabtoshow=Current&
qrid=D3B02F3B).

Table 3. Biochemical properties comparison among SNAP-tag, SsOGT and the relative H5 mutant.

Features SNAP-tag® SsOGT SsOGT-H5

Molecular weight (kDa) a 23.0 17.0 17.0
Topt (◦C) 37.0 80.0 75.0
Relative activity at 25.0◦C 80% 25% 50% b

at 37.0◦C 100% 45% 65%
at 80◦C - 100% 95%

Catalytic activity at 37 ◦C (M−1 s−1) 2.8 × 104 2.8 × 103 1.6 × 104

pHopt 6.0 7.5 6.0
Thermal stability T 1

2
(◦C) 6 h (37) 3 h (70) 3 h (70)

Thermal stability T 1
2

at 37 ◦C (h) 6 >24 >24
Additives NaCl <0.3 M >1.0 M >1.0 M

EDTA no yes yes
sarcosyl no >0.5% >0.5%
DDT yes no no

a Data from [50,57,64]. b Enhancement with respect to the SsOGT (in bold).

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].

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′ 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).
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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 H5 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.

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

Figure 4

b

catalytic
cysteine

Figure 4. Conformational changes of the SsOGT active-site loop after reaction with an O6-MG dsDNA
oligonucleotide (in magenta; [39]), or with SNAP Vista Green substrate (in green; [66]).

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 SsOGT-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 hMGMT during the SNAP-tag development [26]. SsOGT-H5 shows
slightly lower heat stability in respect to the wild-type protein (Table 3), whereas the resistance to other
denaturing agents is maintained. Moreover, SsOGT-H5 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].

3.4.1. In vitro Thermostable H5-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 β-glycosidase
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(Ssβgly) [59], nor with the hyperthermophile-specific DNA topoisomerase reverse gyrase [68–72].
Furthermore, the stability of H5 made possible a heat treatment of the cell-free extract to remove most
of the E. coli proteins and performing the β-glycosidase assay at high temperatures without the need of
removing the tag [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-H5 both in living cells as well as in vitro in cell-free extracts [59,72].
To assay the activity to SsOGT-H5, it was necessary to choose models in which the endogenous AGT
activity is suppressed. Thermus thermophilus is an ogt- 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-H5 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 ASLtag 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 ASLtag). The ASLtag consists of two moieties,
the INPN and the engineered and SsOGT-H5 mutant (Figure 5) [86].
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Figure 5

Activator/Inhibitor

Fluorophore

Bi-functional linker

Ice nucleation protein 
N-terminal domain

(INPN)

Extracellular space

outer membrane
(OM)

Release of free guanine

POI
O6-BG 
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Figure 5. The novel anchoring and self-labelling protein tag (ASLtag) system. A protein of interest (POI) is
genetically encoded with the tag, 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-H5

(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-H5, 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 ASLtag can be possible by introducing activator or inhibitor molecules (Figure 5). The ASLtag

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
Ssβgly, without affecting their folding and catalytic activity [86]. Moreover, SspCA fused to the ASLtag

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-tag technology to hyperthermophilic microorganisms for in vivo studies, an
O6-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 PfuDNA 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 O6-BG pseudo-substrate.
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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 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 × cycle) was set up, whereas the
Tm value measurement is usually performed at 1 min/◦C × 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 O6-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 O6-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 IC50 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-H5 (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-H5 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 SsOGT-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
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specificity of these enzymes, making them active on benzyl-cytosine (O2-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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AGT O6-alkyl-guanine-DNA-alkyl-transferase
CLIP-tag engineered version of SNAP-tag active on O2-BC
FP auto-fluorescent protein
hMGMT human O6-methyl-guanine-DNA-alkyl-transferase
MGMT O6-methyl-guanine-DNA-alkyl-transferase
O2-BC O2-benzyl-cytosine
O6-AG O6-alkyl-guanine
O6-BG O6-benzyl-guanine
O6-MG O6-methyl-guanine
OGT O6-alkyl-guanine-DNA-alkyl-transferase
SNAP-tag engineered version of hMGMT for biotech purposes
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