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Abstract

DNA methylases of the restriction-modifications (R-M) systems are promising enzymes for the development of novel
molecular and synthetic biology tools. Their use in vitro enables the deployment of independent and controlled catalytic
reactions. This work aimed to produce recombinant DNA methylases belonging to the R-M systems, capable of in vitro
inhibition of the type IIS restriction enzymes Bsal, Bpil, or Lgul. Non-switchable methylases are those whose recognition
sequences fully overlap the recognition sequences of their associated endonuclease. In switch methylases, the methylase
and endonuclease recognition sequences only partially overlap, allowing sequence engineering to alter methylation without
altering restriction. In this work, ten methylases from type I and II R-M systems were selected for cloning and expression
in E. coli strains tolerant to methylation. Isopropyl B-D-1-thiogalactopyranoside (IPTG) concentrations and post-induction
temperatures were tested to optimize the soluble methylases expression, which was achieved with 0.5 mM IPTG at 20 °C.
The C-terminal His6-Tag versions showed better expression than the N-terminal tagged versions. DNA methylation was
analyzed using purified methylases and custom test plasmids which, after the methylation reactions, were digested using the
corresponding associated type IIS endonuclease. The non-switchable methylases M2.Eco311, M2.Bsal, M2.HpyAll, and
MI1.Mboll along with the switch methylases M.Osp807I1 and M2.NmeMCS58II showed the best activity for site-selective
inhibition of type IIS restriction enzyme activity. This work demonstrates that our recombinant methylases were able to
block the activity of type IIS endonucleases in vitro, allowing them to be developed as valuable tools in synthetic biology
and DNA assembly techniques.

Key points

e Non-switchable methylases always inhibit the relevant type IIS endonuclease activity

o Switch methylases inhibit the relevant type IIS endonuclease activity depending on the sequence engineering of their recognition site
e Recombinant non-switchable and switch methylases were active in vitro and can be deployed as tools in synthetic biology
and DNA assembly

Keywords Non-switchable methylases - Switch methylases - DNA methylation - Type IIS restriction enzymes -
Recombinant methylases - Blocking endonuclease activity
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the bacterial genomes from self-digestion by the associated
restriction enzyme. Thereby, when a base within the recog-
nition sequence of the restriction enzyme is methylated, the
endonuclease is not able to digest the target DNA (Adhikari
and Curtis 2016; Anton and Roberts 2021; Wilkowska et al.
2020). Three main types of R-M have been described. Types
I and III are formed by multisubunit enzymes which have
methylation and restriction activities in different subunits of
the same enzyme. Type I comprises the S, M, and R subunits
responsible for DNA specificity, methylation, and restriction;
respectively. Type III consists of the Mod subunit which is
responsible for DNA specificity and methylation, and the Res
subunit which carries out the restriction. In contrast, type II
consists of two separate enzymes that act independently for
methylation and restriction. Necessarily, each one of these
two enzymes has a specificity function. Type II are the most
common and studied R-M systems (Casadests and Sanchez-
Romero 2022; Chen et al. 2021; Ge and Qiu 2022; Gulati
et al. 2023; Loenen et al. 2014; Tock and Dryden 2005).

A number of methylases and type IIS restriction enzymes
have been described (Roberts et al. 2023). Methylases can
be used for different purposes depending on the relationship
between their recognition site and activity with the recognition
site for the relevant type IIS restriction enzyme. The recogni-
tion site for a type IIS restriction enzyme may fully or partially
overlap with the recognition site for a methylase (Fig. 1). If
the two sites fully overlap, such that the restriction enzyme
recognition site always includes the methylase recognition site,
then in the presence of the methylase, the restriction enzyme
recognition site will always be methylated and so blocked. We
term such methylases non-switchable methylases. The situa-
tion in which the methylase recognition site and the restriction
enzyme recognition site only partially overlap is of particular
interest and utility. In this situation, it is possible to alter the
non-overlapping part of the methylase recognition site such that
the methylase no longer recognizes this site, while leaving the
restriction enzyme recognition site intact. In this way, the activ-
ity of the methylase at this restriction enzyme recognition site is

a Non-switchable methylase: Type IIS restriction enzyme recognition site fully overlaps methylase recognition site
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b Switch methylase: Type IIS restriction enzyme recognition site only partially overlaps methylase recognition site

b1 Methylation-switchable restriction site: Non-overlapping section of methylase recognition site allows methylase recognition
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Fig.1 Schematic representation of a non-switchable and b switch
methylase action. With switch methylases, the section of the methy-
lase recognition site that does not overlap with the restriction enzyme
recognition site can either contribute to methylase recognition allow-
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“switched” off and we, therefore, term such methylases switch
methylases. For these switch methylases, we term restriction
enzyme recognition sites that have been altered to prevent
methylase activity “always-cuttable” restriction sites. We term
restriction enzyme recognition sites that allow methylase activ-
ity and so blockade “methylation-switchable” restriction sites
term (Fig. 1 and Figure S1). Combinations of always-cuttable
and methylation-switchable restriction sites offer particular
value in DNA assembly (Lin and O’Callaghan 2018, 2020).

Studies demonstrating the separate applications of DNA
methylases and type IIS restriction enzymes have been
reported. DNA methylases have been widely used in epigenet-
ics where different strategies for improving the specificity of
targeted DNA methylation have been tested (Slaska-Kiss et al.
2021). In addition, Weber et al. (2011) developed a modular
cloning system for the assembly of multigene constructs using
type IIS restriction enzymes. Meanwhile, the use of methylases
and type IIS restriction enzymes together has been exploited
for the development of novel molecular techniques allowing
the assembly of multiple and large DNA fragments in a one-pot
reaction (Lin and O’Callaghan 2018, 2020). However, most
of these studies have been carried out using in vivo methyla-
tion. The alternative approach of using purified recombinant
enzymes for in vitro methylation offers considerable advan-
tages. For instance, the catalytic activity is not dependent on,
or limited by, cell growth, survival, or function, which is espe-
cially important given the potentially toxic consequences of
DNA methylation to the host organism. In addition, the in vitro
approach greatly facilitates the testing and comparison of two
or more enzymes of different enzyme concentrations and gen-
erally provides much greater control of the reaction conditions
(Golynskiy et al. 2013; Sanchez and Demain 2012).

The aim of this work was to obtain highly active purified
recombinant methylases and to test their in vitro capacity to
block the action of the relevant type IIS restriction enzyme
at specific sites. To achieve this, candidate methylases were
selected for molecular cloning and expression. After purifica-
tion, their activity was tested on different plasmids, some of
which were especially constructed to contain sites where the
activity of the restriction enzyme would be selectively blocked
by methylase activity. The results of this work demonstrate
that our recombinant methylases displayed excellent in vitro
activity and, along with their associated type IIS restriction
enzymes, could be applied in the development of synthetic
biology and DNA assembly techniques.

Materials and methods
Bacterial strains, plasmids, enzymes, and chemicals

Unless otherwise stated, bacterial strains, restriction enzymes,
and other molecular biology reagents were purchased from New

England Biolabs (Hitchin, UK), while plasmids were purchased
from Novagen and chemicals from Sigma-Aldrich, Merck
KGaA (Darmstadt, Germany).

Molecular cloning of methylases

A total of 10 methylases (Table S1) whose recognition
sequences fully or partially overlap with the recognition
sequences of the type IIS restriction enzymes Bsal, Bpil,
and Lgul were retrieved from REBASE (http://rebase.neb.
com/rebase/index.html). The gene sequences encoding these
enzymes were codon-optimized for cloning and expression.
All the synthetic sequences are shown in the Supplementary
Information. Primers, restriction enzymes, and plasmids used
for PCR, cloning, and expression of the methylase genes are
described in Table 1. For M2.Eco311 and M2.Bsal, truncated
versions for which the second ATG was used as the start codon
were also cloned as M2.Eco311_2 and M2.Bsal_2, respec-
tively. All the methylase genes were cloned separately with an
N- and C-terminal His6-Tag. PCR reactions were carried out
using Q5 High-Fidelity DNA Polymerase in 25 pL reactions
under the following conditions: 98 °C for 30 s followed by 30
cycles of denaturation at 98 °C for 10 s, annealing according to
Table S2 for 20 s and extension at 72 °C for 1 min; then a final
extension at 72 °C for 2 min (MJ Research — PTC-225 Peltier
Thermal Cycler PCR 96 well Tetrad 4 block). Following elec-
trophoresis, the correctly sized PCR products were purified
from agarose gels using QIAquick Gel Extraction Kit (Qia-
gen, Manchester, UK) and ligated into the plasmids using T4
DNA ligase. The ligated mixtures were transformed into NEB®
10-beta Competent E. coli, and the recombinant colonies were
screened by colony PCR using BIOTAQ™ DNA Polymer-
ase (Bioline, London, UK). Then, the recombinant plasmids
were extracted using QIAprep® Spin Miniprep Kit and sent
for sequencing (Source BioScience Genomics). Finally, the
plasmids were transformed into the expression host E. coli
BL21(DE3)pLysS (Novagen, Merck KGaA).

Expression of the recombinant methylases

E. coli BL21(DE3)pLysS harboring the recombinant plasmids
were grown in 10 mL of LB broth containing either 0.1 g/L
ampicillin or 0.05 g/L kanamycin with 0.05 g/L chloramphen-
icol and incubated at 37 °C overnight. The overnight starter
cultures were used to inoculate 150 mL of the same medium
without chloramphenicol. Cultivation was carried out in 1-L
baffled shake flasks at 37 °C and 230 rpm in a shaker incuba-
tor (New Brunswick™ Innova® 44/44R Incubator Shakers,
Eppendorf, Stevenage UK) until the absorbance at 600 nm
reached 0.3-0.5. At this point, the cells were induced by the
addition of different isopropyl p-D-1-thiogalactopyranoside
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(IPTG) concentrations (0.005, 0.05, 0.5, and 1 mM) and incu-
bated at 37 °C and 230 rpm for a further 5 h. In addition,
incubation temperatures of 20, 30, and 37 °C after 0.5 mM
IPTG induction were tested for 24, 18, and 5 h, respectively.
The cells were harvested by centrifugation (4000xg at 4 °C
for 20 min) and stored at —20 °C until analysis. For testing
the total protein expression, the cell pellets were resuspended
in Sample Buffer Laemmli 2X Concentrate, heated at 95 °C
for 10 min, and analyzed by SDS-PAGE. For testing the solu-
ble protein expression, the cell pellets were re-suspended in
50 mM sodium phosphate buffer, pH 7.5, and disrupted by
sonication (Ultrasonic processors, Vibra-Cell™ VCX 500)
with 20 cycles of 10 s ON and 50 s OFF at 35% amplitude.
Subsequently, the cell suspension was centrifuged (17,200xg
at 4 °C for 30 min) and the clarified cell lysate was recovered
and kept at 4 °C for protein quantification and SDS-PAGE
analysis. Protein concentration was determined using Pierce™
BCA Protein Assay Kit (Thermo Fisher Scientific, Loughbor-
ough, UK) following the microplate procedure. SDS-PAGE
was performed using 10% Mini-PROTEAN® TGX™ Precast
Protein Gels (Bio-Rad, Watford, UK), and the protein bands
were visualized with InstantBlue® Coomassie Protein Stain
(Abcam, Cambridge, UK). Amersham™ ECL™ Rainbow™
Marker - Full range RPNSOOE, 12 to 225 kDa (Cytiva, Amer-
sham, UK), and PageRuler™ Plus Prestained Protein Lad-
der, 10 to 250 kDa (Thermo Fisher Scientific), were used as
molecular weight markers.

Purification of the recombinant methylases

The methylases were purified by gravity-flow affinity
chromatography using a His-Tag Ni-affinity resin (Ni-
NTA Agarose, Thermo Fisher Scientific Inc., UK). Buff-
ers containing 10, 50, and 400 mM imidazole were used as
binding, washing, and elution buffer, respectively. These
buffers were prepared in 50 mM sodium phosphate buffer
containing 300 mM NaCl and 10% glycerol, pH 7.5. The
purified enzymes were desalted using PD-10 Desalting
Columns (Cytiva). The desalted purified enzymes were
stored at —80 °C for further assays. Plasmids encoding
the enzymes are available from the Addgene repository.

Methylases activity assays

All the methylase activity assays were carried out using
purified enzymes. The activity of the Bsal and Bpil-
associated non-switchable methylases was tested using
pET15b. Lgul-associated non-switchable methylases were
not included in this study. The methylation reactions were
carried out by mixing 2 pL of 10X methylase buffer (0.5
M Tris-HCI, 0.1 M EDTA, and 50 mM DTT, pH 7.5),
1 pL of 3200 pM S-adenosylmethionine (SAM), 200 ng

of pET15b, and 1 pL of each methylase in a 20 pL reac-
tion. The mixtures were incubated at 37 °C for 1 h and
heat-inactivated at 80 °C for 20 min. For Bsal-associated
methylases, the restriction reactions were performed by
adding 3 pL of the corresponding buffer, 4 pL of 50 mM
MgCl,, and 0.5 pL of Bsal and Apal to each methylation
reaction. For Bpil-associated methylases, the restriction
reactions were carried out by adding 0.5 pL of Bpil and
Bsal. The final volume of the restriction reactions was
30 pL and they were incubated at 37 °C for 1 h. Negative
controls without the addition of the methylase were used.
The methylase activity was analyzed by 1% agarose gel
electrophoresis using Quick-Load® 1 kb Extend DNA Lad-
der, 0.5 to 48.5 kb as molecular weight marker.

The activity of Bsal, Bpil, and Lgul-associated switch
methylases was tested using POC1399, POC1400, and
POC1401 plasmids, respectively. These plasmids were
generated by synthesis using the MoClo pL1R-1 plas-
mid vector backbone as a base (Weber et al. 2011). The
methylation and restriction reactions were carried out
as described above using the corresponding associated
restriction enzyme.

In addition, the effect of pH on methylase activity was
assayed using the methylase buffer at pH values of 6.9, 7.5,
7.9, 8.4, and 8.8 and following the procedure described
above.

Results
Molecular cloning of methylases

To produce recombinant methylases with the capacity for
in vitro methylation and so blockade of the recognition sites
of the type IIS restriction enzymes Bsal, Bpil, and Lgul, 10
methylases were selected (Table 2). All the genes encoding
these methylases were amplified by PCR (Figures S2-S6)
and successfully cloned in the plasmids described in Table 1,
except the N-terminal His6-Tag versions of M2.HpyAIl and
MI1.Mboll (KPL23 and KPL25, respectively). In these two
cases, the recombinant plasmids containing the methylase
genes could not be confirmed by colony PCR or sequencing.

Expression and purification of recombinant
methylases

Different IPTG concentrations were tested to improve the
expression of the recombinant methylase proteins in E.
coli BL21(DE3)pLysS. The C-terminal His6-Tag versions
of the non-switchable methylases M2.Eco311 (KPL02),
M2.Eco311_2 (KPL04), M2.Bsal (KPL06), M2.Bsal_2
(KPLO08), M1.HpyAll (KPL22), M2.HpyAIl (KPL24), and
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Table 2 Methylases recognition sequence and methylated bases, methylases-associated endonucleases, and the resulting methylated products

Methylase Methylase recognition Associated Type IIS endonuclease Plasmid for the Methylated product’
sequence® and methylated type IIS recognition sequence® activity test
base® endonuclease  and restriction site®
M2.Eco311 (KPLO1 — 5'...GGTCTC ... 3’ Bsal 5'... GGTCTC(N),Y... 3" pET15b 5'... GGTCTC(N),Y... 3
KPL04) 3'...CCAGAG... 5' 3'...CCAGAG(N)s, ...5' 3'...CCAGAG(N)s, ...5'
MI.Eco311 (KPL17 — 5'... GGTCTC ... 3' 5'... GGTCTC(N)'Y... 3'
KPL138) 3'... CCAGAG... 5’ 3'...CCAGAG(N)s, ... 5’
M2.Bsal (KPLO5 — 5'... GGTCTC ... 3’ 5'... GGTCTC(N),Y... 3'
KPLO8) 5'...CCAGAG ... 3' 3'...CCAGAG(N)s, ...5'
S-methylcytosine top strand S-methylcytosine top strand
(base undetermined) (base undetermined)
M1.HpyAll (KPL21 — 5'...GAAGA ... 3’ Bpil 5'..GAAGAC(N),"... 3’ pETI5b 5'...GAAGAC(N)?Y... 3’
KPL22) 3'..CTTCT ... 5 3'... CTTCTG(N)g, ... 5' 3'... CTTCTG(N)g, ... 5'
M2.HpyAlI (KPL23 — 5'... GAAGA ... 3' 5'...GAAGAC(N)*Y... 3’
KPL24) 3...CTTCT...5' 3'..CTTCTG(N)g, ... 5’
M1.Mboll (KPL25 — 5'...GAAGA ... 3’ 5'..GAAGAC(N),Y... 3’
KPL26) 3'..CTTCT ... 5 3'... CTTCTG(N)g, ... 5'
M.Osp80711* (KPLO9 —  5"... GACNNNGTC ... 3’ Bsal 5'... GGTCTC(N),Y... 3’ POC1399 5'... GACNNGGTCTC(N),Y ... 3'
KPL10) 3'... CTGNNNCAG ... 5’ 3'...CCAGAG(N)s, ... 5' 3'... CTGNNCCAGAG(N)s, ... 5’
M.Sen0738I* and 5'... CCAGNNNNNNNNTCT 5'... GGTCTC(N),Y... 3" - 5'... CCAGNNNNNNGGTCTC(N), Y ...
S.Sen0738I (KPL13 — L3 3'...CCAGAG(N)s, ...5' 3
KPL16) 3'... GGTCNNNNNNNNAGA 3'...GGTCNNNNNNCCAGAG(N)s o
L5 .5
M2.NmeMC58IT* 5'... GACGC ... 3' Bpil 5'..GAAGAC(N),... 3’ POC1400 5'..GAAGACGC V... 3’
(KPL11 - KPL12) 3'...CTGCG ... 5' 3'... CTTCTG(N)g, ... 5' 3'...CTTCTGCGN,, ... 5’
M.XmnI* (KPL19 — 5'... GAANNNNTTC ... 3’ Lgul 5'... GCTCTTC (N),Y... POCI1401 5'... GAAGCTCTTC (N),¥... 3’
KPL20) 3'... CTTNNNNAAG ... 5 3 3'...CTTCGAGAAG(N),, ... 5

3'...CGAGAAG(N), .
.5

2Switch methylases, "the methylase recognition sequence is in red, ‘the methylated base is in bold and underlined, %the endonuclease recognition
sequence is highlighted in light blue, °the endonuclease restriction site is marked with ¥ ,, ‘the methylated product shows the methylase recogni-

tion sequence and the methylated base as well as the endonuclease recognition sequence and its restriction site

M1.Mboll (KPL26) showed better expression than their
N-terminal His6-Tag, with 0.5 mM being the optimum IPTG
concentration (Fig. 2 and Figures S7, S8, S9, S16, and S17).
In the case of the switch methylases M.Osp80711 (KLP09 and
KPL10), M2.NmeMCS58II (KPL11 and KLP12), and M.Xmnl
(KPL19 and KPL20), both N- and C-terminal His6-Tag ver-
sions exhibited good expression levels with an optimum IPTG
concentration of 0.5 mM for both enzymes (Figures S10, S11,
and S15). Subsequently, different temperatures were assayed
to enhance the soluble protein expression. All the methylases
described above were best expressed in their soluble form
at 20 °C. However, lower cell density was observed at this
temperature compared to 37 °C for M2.Bsal_2 (KPLO08),
M2.NmeMC5S8II (KPL11), M. XmnI (KPL19), and M2.HpyAll
(KPL24), so these enzymes were expressed at 37 °C. Neither
the N- nor C-terminal His6-Tag versions of M.Sen0738I
(KPL13 and KPL14), S.Sen0738I (KPL15 and KPL16), and
M1.Eco311 (KPL17 and KPL18) were expressed as assayed by
SDS-PAGE analysis (Figures S12, S13, and S14).

All the methylases successfully expressed in their solu-
ble form were purified by affinity chromatography with a
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protein recovery of around 99% based on protein quanti-
fication assays. The purification process was analyzed by
SDS-PAGE where single bands were observed for the puri-
fied enzymes (Fig. 3). The methylases did not lose activity

KPLO1 KPLO2
I |
ka P 1 2 3 4 mw'P 41 2 3!
o =
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Fig.2 SDS-PAGE showing the expression of M2.Eco311 (KPLOI
and KPLO02) at different IPTG concentrations. Lanes: P, pre-induc-
tion; 1, 0.005 mM; 2, 0.05 mM; 3, 0.5 mM; and 4, 1 mM. MW,
molecular weight marker (Amersham™ ECL™ Rainbow™ Marker -
Full range, Full Range, Cytiva RPN8OOE, 12 to 225 kDa)
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during the purification, and no significant differences in
activity or purity were observed between batches.

Analysis of DNA methylation

Detailed information about the methylases, their associ-
ated type IIS endonucleases, and their activity is described
in Table 2. The activity of the Bsal and Bpil-associated
non-switchable methylases was tested using pET15b,
which has one restriction site each for Bsal and Apal
as well as five restriction sites for Bpil. The recognition
sequences of the non-switchable methylases fully overlap
with those of their associated endonucleases, so all the
restriction sites will be methylated, and the endonucle-
ase activity will be blocked (Figures S18 and S21). In
the case of the Bsal-associated methylases, the activity
was evidenced by the restriction of the plasmid with Bsal
and Apal after the methylation reaction. If methylation
occurs, a band corresponding to the linearized plasmid
cut by Apal would be observed in the gel. In the absence
of methylation, two bands of around 2361 and 3347 bp
will be observed as a result of digestion by both Apal
and Bsal. Enzyme titration assays showed that M2.Eco311
(KPLO02) generated fully methylated plasmids from 0.15
pM (Fig. 4) and its truncated version M2.Eco311_2
(KPL04) from 0.014 pM (Figure S19), demonstrating that
the truncated version was more active than the full-length
enzyme. Conversely, M2.Bsal (KPL06) exhibited good
activity from 1.6 uM (Figure S20), while its truncated
version M2.Bsal_2 (KPLO8) did not have demonstratable
activity. For Bpil-associated methylases, the activity was
evidenced by the restriction of the plasmid with Bpil and
Bsal following the methylation reaction. If methylation

KPLO2
A
kDa L

KPL04 KPLO6 KPL09
| i\ A

EMw'L E' 'L E''L E 'MW

=il _cH ml-
35—41.- '—. -

Fig.3 SDS-PAGE showing the purification by affinity chromatog-
raphy of methylases M2.Eco311 (KPL02), M2.Eco311_2 (KPL04),
M2.Bsal (KPL06), and M.Osp807I1 (KPL09). Lanes: L, clarified
lysate; and E, eluted fraction. MW, molecular weight marker (PageR-
uler™ Plus Prestained Protein Ladder, Thermo Fisher Scientific
26619, 10 to 250 kDa)

occurs, a band corresponding to the plasmid linearized by
Bsal would be observed in the gel. In the absence of meth-
ylation, six bands of around 339, 374, 863, 917, 1379, and
1836 bp will be observed as a result of digestion by both
Bpil and Bsal. At the tested concentrations, M1.HpyAll
(KPL22) demonstrated low activity generating partially
methylated plasmids (Figure S22), while M2.HpyAll
(KPL24) and M1.Mboll (KPL26) demonstrated good
activity producing full methylation (Fig. 5 and Figure S23,
respectively).

Plasmids POC1399, POC1400, and POC1401 were con-
structed to test the activity of the Bsal, Bpil, and Lgul-
associated switch methylases, respectively. Based on the
recognition sequences and activity of the switch methy-
lases and type IIS restriction enzymes, these plasmids
were each designed to have one methylation-switchable
and one always-cuttable restriction site for the respective
enzyme. The methylation-switchable site incorporates
both the recognition sequence of the methylase and that of
the endonuclease; therefore, in the presence of the methy-
lase, DNA methylation will occur, blocking the endonu-
clease activity. In contrast, the always-cuttable site only
contains the recognition sequence of the endonuclease
and not of the methylase; therefore, in the presence of the
methylase, the DNA will not be methylated and so in the
presence of the endonuclease, it will be digested (Fig. 1b
and Figures S1b, S24, S25, and S27). The activity of the
methylases was evidenced by the restriction of the plas-
mids either with Bsal, Bpil, or Lgul after the methylation
reactions. If methylation occurs, there should be a band
corresponding to the linearized plasmid, digested only at
the single always-cuttable site. In contrast, if no methyla-
tion occurs, there should be two bands of 4360 bp and
around 600 bp arising from digestion at both the always-
cuttable and methylation-switchable sites. The assays
showed that fully methylated plasmids were produced
by the Bsal-associated M.Osp807II (KPL09) at concen-
trations of 18 pM and above (Fig. 6), and for the Bpil-
associated M2.NmeMC58II (KPL11) at concentrations of
0.58 pM and above (Figure S26). However, even at the
lowest concentrations tested (2.4 pM for M.Osp8071I and
0.07 pM for M2.NmeMC58II), the amount of methylated
plasmid was higher than that of non-methylated plasmid.
For these two enzymes, comparable activity was observed
for both the N- and C-terminal His6-Tag versions. For the
Lgul-associated M.Xmnl (KPL19 and KPL20), both N-
and C-terminal His6-Tag versions exhibited low activ-
ity resulting in only partially methylated plasmids at the
tested concentrations (Figure S28). Finally, to optimize
the activity of some of the methylases, different pH values
were tested. The results showed that the enzymes exhib-
ited their highest activity at the standard pH value of 7.5
(Figure S29).
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Fig.4 Activity of Bsal-
associated non-switchable a
methylases on pET15b. a

pET15b showing the Bsal and

Apal restriction sites for the

activity test (Figure S18). The

methylated plasmid will exhibit

on the gel a band (5708 bp)

corresponding to the linearized

plasmid digested only by Apal.

The non-methylated plasmid

will exhibit two bands (2361

and 3347 bp) as a result of the

digestion by both enzymes. b

Agarose gel electrophoresis

(1%) showing the activity of

M2.Eco311 (KPLO2) at different

concentrations. Lanes: 1 to 8,

twofold serial dilutions from

2.4 t0 0.019 pM; N, negative

control (without methylase);

and P, positive control (pET15b

from a methylase expressing b
strain). MW, molecular weight
marker (Quick-Load® 1 kb
Extend DNA Ladder, New
England Biolabs, N3239S, 0.5
to 48.5 kb)

Discussion

Bacterial DNA methylases in combination with type IIS
restriction endonucleases are useful enzymes for the devel-
opment of different tools in molecular biology, synthetic
biology, and genetic engineering. The study of methylases,
their production as purified recombinant enzymes, and the
analysis of in vitro DNA methylation provide further insights
into their potential applications. Methylases selected for this
study belong to type I and II R-M systems and use SAM as
the methyl group donor (Ge and Qiu 2022; Tock and Dryden
2005). In this work, M.Sen07381 and S.Sen07381 are M and
S subunits, respectively, from a type I R-M system, and must
form a complex (M,S) to achieve DNA methylation (Anton
and Roberts 2021; Gulati et al. 2023; Tock and Dryden

@ Springer
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2005). The rest of our methylases belong to the type II R-M
system, mainly to subtype IIS which recognizes asymmetri-
cal sequences and methylates a single strand in the target
sequence (Furmanek-Blaszk et al. 2009; Kumar et al. 2018,
2020; Madhusoodanan and Rao 2010; Zhu et al. 2004).
DNA methylation typically occurs on adenine at the sixth
position (N6-methyladenine: m6A) or on cytosine either at
the fourth (N4-methylcytosine: m4C) or the fifth position
(C5-methylcytosine: m5C) (Anton and Roberts 2021; Ge
and Qiu 2022; Gulati et al. 2023; Jurkowska and Jeltsch
2022). In our study, we included methylases that can intro-
duce methyl groups on either adenine or cytosine residues.

E. coli is the most widely used host for recombinant enzyme
production due to its well-studied genetics, fast growth, easy
and fast transformation, and capacity for using low-cost
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Fig.5 Activity of Bpil-associated non-switchable methylases on
pET15b. a pET15b showing the Bpil and Bsal restriction sites for the
activity test (Figure S21). The methylated plasmid will exhibit on the
gel a band (5708 bp) corresponding to the linearized plasmid digested
only by Bsal. The non-methylated plasmid will exhibit six bands
(339, 374, 863, 917, 1379, and 1836 bp) as a result of the digestion
by both enzymes. b Agarose gel electrophoresis (1%) showing the
activity of M2.HpyAll (KPL24) at different concentrations. Lanes: 1
to 3, 2-fold serial dilutions from 4.68 to 1.17 pM; and N, negative
control (without methylase). MW, molecular weight marker (Quick-
Load® 1 kb Extend DNA Ladder, New England Biolabs, N32398S, 0.5
to 48.5 kb). Bands less than 500 bp are not observed in the gel

substrates (Chou 2007; Rosano and Ceccarelli 2014; Terpe
2006). Our methylases were cloned and expressed in E. coli
strains. However, methylases are potentially toxic enzymes and

might cause the death of the bacterial hosts used for enzyme
expression (Furuta et al. 2022). Such toxicity could underlie
the unsuccessful cloning of the N-terminal His6-Tag versions
of M2.HpyAll and M1.Mboll, even in methylation tolerant
NEB® 10-beta Competent E. coli cells. E. coli BL21(DE3)
pLysS, which is favored for toxic protein expression, was
chosen as the expression host for all methylases. Despite this,
M.Sen0738I and S.Sen0738I as well as M1.Eco311 were not
efficiently expressed. All the methylases that were expressed
demonstrated good soluble expression at 20 °C, which is likely
to arise because lower temperatures favor protein folding and
reduce inclusion body formation (Liu et al. 2013; Rosano and
Ceccarelli 2014; Terpe 2006; Vera et al. 2007). The very low
cell density observed in some methylase cultures might be
attributed to the potential toxicity of the enzymes (Rosano
and Ceccarelli 2014; Terpe 2006). The soluble expression of
M.Sen0738I and S.Sen0738I as well as M1.Eco311 might be
improved by modifying the culture conditions (medium com-
position, pH, temperature, and agitation), inducer concen-
tration, affinity tag, and the expression host (Liu et al. 2013;
Terpe 2006). Our results show that in most cases, there was
better soluble expression of the C-terminal His6-Tag versions
than of the N-terminal His6-Tag. This is consistent with stud-
ies showing that C-terminal tags can improve the solubility of
some recombinant enzymes (Costa et al. 2014; Paraskevopou-
lou and Falcone 2018). The truncated version of M2.Eco311
which uses the second ATG as the start codon was more active
than the full-length enzyme. This parallels the findings of
Miura et al. (2022) who reported that for some methylases,
N-terminal deletions enhanced their activity.

We tested the activity of our recombinant methylases in
blocking the activity of an associated type IIS restriction
enzyme. Based on the extent of overlap between the methylase
recognition sequence and the restriction enzyme recognition
site, we classified these enzymes as non-switchable or switch
methylases. The recognition sequence of the non-switchable
methylases fully overlaps with that of the associated endonu-
clease, so in the presence of the methylase, all the restriction
enzyme recognition sites will be methylated and blocked from
digestion. In the case of switch methylases, their recognition
sequence only partially overlaps with that of the associated
endonuclease, allowing the sites to be engineered such that
the restriction enzyme recognition site is maintained, but the
methylase recognition site is no longer active. In the pres-
ence of the methylase and the restriction enzyme, the natural
methylation-switchable site will be methylated and protected
from digestion, but the modified always-cuttable site will not
be methylated and will be digested by the restriction enzyme
(Fig. 1 and Figure S1). Thus, the non-switchable Bsal-asso-
ciated methylases M2.Eco311, M2.Eco311_2, and M2.Bsal,
as well as the non-switchable Bpil-associated methylases
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Fig.6 Activity of Bsal-asso-
ciated switch methylases on a
POC1399. a POC1399 showing
the Bsal restriction sites for the
methylase activity test (Fig-

ure S24). The methylated plas-
mid will be cut by Bsal at the
always-cuttable site at position
611 resulting in a single band
(4951 bp) corresponding to the
linearized plasmid. In contrast,
the non-methylated plasmid will
be cut at the always-cuttable
site at position 611 and at the
methylation-switchable site at
position 20 resulting in two
bands (591 and 4360 bp). b
Agarose gel electrophoresis
(1%) showing the activity of
M.Osp80711 (KPL09) at dif-
ferent protein concentrations.
Lanes: MW, molecular weight
marker (Quick-Load® 1 kb
Extend DNA Ladder, New

England Biolabs, N3239S, 0.5 b bp

to 48.5 kb); N, negative control

(without methylase); and 1 to 5

correspond to 24, 18, 12, 6, and

2.4 pM of methylase, respec-

tively. Bands less than 1000 bp

are not observed in the gel
5000 —
4000 —
1000 —

M2.HpyAll and M1.Mboll, fully methylated all the sites of
the associated endonuclease hindering its cutting activity at
these sites. The switch methylases M.Osp8071I (Bsal-associ-
ated) and M2.NmeMCS58II (Bpil-associated) fully methylated
specific sites of the endonuclease thus blocking digestion at
those sites. Although the rest of our methylases did not exhibit
as high activity as those mentioned above and generated par-
tially methylated DNA, they could still be valuable. The use
of non-switchable and switch methylases along with type IIS
restriction enzyme partners could be used to develop DNA
assembly techniques.

This work demonstrates the production of recombinant
methylases with high in vitro activity for blocking the action
of the type IIS restriction enzymes Bsal, Bpil, and Lgul.
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Recombinant technology improves the protein production
yield, supporting the feasibility of using these enzymes for
industrial activity. Using these enzymes in vitro has several
advantages over in vivo use as the enzymatic reactions and
their conditions are independent of those necessitated by
the producing host cells. The non-switchable methylases
were able to block the endonuclease activity in all their
sites, while the switch methylases allowed the possibility
of creating specific endonuclease sites where digestion was
blocked and other sites where it was not. Finally, this work
also provides further insights into the feasibility of applying
DNA methylases and type IIS restriction enzymes to expand
the range of existing molecular tools, including those for
DNA assembly.




Applied Microbiology and Biotechnology ~ (2024) 108:174

Page110f12 174

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-024-13015-7.

Acknowledgements We are grateful to all members of our research
team for their help and support.

Author contributions CNFF, KR, DL, and CAO’C conceived the study.
CNFF and KR conducted experiments. CNFF and CAO’C designed
experiments, analyzed data and wrote the manuscript which was
reviewed and edited by all authors.

Funding This work was supported by the Biotechnology and Biologi-
cal Sciences Research Council [grant number BB/X511122/1].

Declarations

Ethics approval No work was undertaken with human participants or
animals performed by any of the authors.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Adhikari S, Curtis PD (2016) DNA methyltransferases and epigenetic
regulation in bacteria. FEMS Microbiol Rev 40:575-591. https://
doi.org/10.1093/femsre/fuw023

Anton BP, Roberts RJ (2021) Beyond restriction modification: epi-
genomic roles of DNA methylation in prokaryotes. Annu
Rev Microbiol 75:129-149. https://doi.org/10.1146/annur
ev-micro-040521-035040

Casadesus J, Sinchez-Romero MA (2022) DNA methylation in prokar-
yotes. Adv Exp Med Biol 1389:21-43. https://doi.org/10.1007/
978-3-031-11454-0_2

Chen Z, Shen M, Mao C, Wang C, Yuan P, Wang T, Sun D (2021) A
type I restriction modification system influences genomic evolu-
tion driven by horizontal gene transfer in Paenibacillus polymyxa.
Front Microbiol 12. https://doi.org/10.3389/fmicb.2021.709571

Chou CP (2007) Engineering cell physiology to enhance recombinant
protein production in Escherichia coli. Appl Microbiol Biotechnol
76:521-532. https://doi.org/10.1007/s00253-007-1039-0

Costa S, Almeida A, Castro A, Domingues L (2014) Fusion tags for
protein solubility, purification, and immunogenicity in Escheri-
chia coli: the novel Fh8 system. Front Microbiol 5:1-20. https://
doi.org/10.3389/fmicb.2014.00063

Furmanek-Blaszk B, Boratynski R, Zolcinska N, Sektas M (2009)
M1.Mboll and M2.Mboll type IIS methyltransferases: different
specificities, the same target. Microbiology 155:1111-1121.
https://doi.org/10.1099/mic.0.025023-0

Furuta Y, Miura F, Ichise T, Nakayama SMM, Ikenaka Y, Zorigt T,
Tsujinouchi M, Ishizuka M, Ito T, Higashi H (2022) A GCDGC-
specific DNA (cytosine-5) methyltransferase that methylates the
GCWGC sequence on both strands and the GCSGC sequence on
one strand. PLoS One 17:1-17. https://doi.org/10.1371/journal.
pone.0265225

Galbraith K, Snuderl M (2022) DNA methylation as a diagnostic tool.
Acta Neuropathol. Commun 10:1-7. https://doi.org/10.1186/
s40478-022-01371-2

Ge J, Qiu X (2022) Expression, purification, characterization of DNA
binding activity and crystallization of a putative type II DNA
Cytosine-5-methyltransferase from Microcystis aeruginosa. Pro-
tein Expr Purif 189. https://doi.org/10.1016/j.pep.2021.105988

Golynskiy MV, Haugner JC, Morelli A, Morrone D, Seelig B (2013)
In vitro evolution of enzymes. Methods Mol Biol 978:73-92.
https://doi.org/10.1007/978-1-62703-293-3_6

Gulati P, Singh A, Goel M, Saha S (2023) The extremophile Picro-
philus torridus carries a DNA adenine methylase M.Ptol that is
part of a Type I restriction-modification system. Front Microbiol
14:1-16. https://doi.org/10.3389/fmicb.2023.1126750

Jurkowska RZ, Jeltsch A (2022) Mechanisms and biological roles
of DNA methyltransferases and DNA methylation: from past
achievements to future challenges. Adv Exp Med Biol 1389:1-19.
https://doi.org/10.1007/978-3-031-11454-0_1

Kumar S, Bangru S, Kumar R, Rao DN (2020) Promiscuous DNA
cleavage by HpyAll endonuclease is modulated by the HNH
catalytic residues. Biosci Rep 40:1-14. https://doi.org/10.1042/
BSR20201633

Kumar S, Karmakar BC, Nagarajan D, Mukhopadhyay AK, Morgan
RD, Rao DN (2018) N4-cytosine DNA methylation regulates
transcription and pathogenesis in Helicobacter pylori. Nucleic
Acids Res 46:3429-3445. https://doi.org/10.1093/NAR/GKY 126

Lin D, O’Callaghan CA (2018) MetClo: methylase-assisted hierarchi-
cal DNA assembly using a single type IIS restriction enzyme.
Nucleic Acids Res 46. https://doi.org/10.1093/nar/gky596

Lin D, O’Callaghan CA (2020) Hierarchical modular DNA assembly
using MetClo. Methods Mol Biol 2205:143-159. https://doi.org/
10.1007/978-1-0716-0908-8_9

Liu L, Yang H, Shin HD, Chen RR, Li J, Du G, Chen J (2013) How
to achieve high-level expression of microbial enzymes: strategies
and perspectives. Bioengineered 4:212-223. https://doi.org/10.
4161/bioe.24761

Loenen WAM, Dryden DTF, Raleigh EA, Wilson GG, Murrayy NE
(2014) Highlights of the DNA cutters: a short history of the
restriction enzymes. Nucleic Acids Res 42:3-19. https://doi.org/
10.1093/nar/gkt990

Madhusoodanan UK, Rao DN (2010) Diversity of DNA methyltrans-
ferases that recognize asymmetric target sequences. Crit Rev
Biochem Mol Biol 45:125-145. https://doi.org/10.3109/10409
231003628007

Matsumura I (2022) Golden Gate assembly of BioBrick-compliant
parts using Type II restriction endonucleases. Biotechniques
72:185-193. https://doi.org/10.2144/btn-2021-0083

Miura F, Miura M, Shibata Y, Furuta Y, Miyamura K, Ino Y, Bayoumi
AMA, Oba U, Ito T (2022) Identification, expression, and puri-
fication of DNA cytosine 5-methyltransferases with short recog-
nition sequences. BMC Biotechnol 22:1-15. https://doi.org/10.
1186/512896-022-00765-3

Paraskevopoulou V, Falcone FH (2018) Polyionic tags as enhancers of
protein solubility in recombinant protein expression. Microorgan-
isms 6. https://doi.org/10.3390/microorganisms6020047

Roberts RJ, Vincze T, Posfai J, Macelis D (2023) REBASE: a data-
base for DNA restriction and modification: enzymes, genes and
genomes. Nucleic Acids Res 51:D629-D630. https://doi.org/10.
1093/nar/gkac975

@ Springer


https://doi.org/10.1007/s00253-024-13015-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/femsre/fuw023
https://doi.org/10.1093/femsre/fuw023
https://doi.org/10.1146/annurev-micro-040521-035040
https://doi.org/10.1146/annurev-micro-040521-035040
https://doi.org/10.1007/978-3-031-11454-0_2
https://doi.org/10.1007/978-3-031-11454-0_2
https://doi.org/10.3389/fmicb.2021.709571
https://doi.org/10.1007/s00253-007-1039-0
https://doi.org/10.3389/fmicb.2014.00063
https://doi.org/10.3389/fmicb.2014.00063
https://doi.org/10.1099/mic.0.025023-0
https://doi.org/10.1371/journal.pone.0265225
https://doi.org/10.1371/journal.pone.0265225
https://doi.org/10.1186/s40478-022-01371-2
https://doi.org/10.1186/s40478-022-01371-2
https://doi.org/10.1016/j.pep.2021.105988
https://doi.org/10.1007/978-1-62703-293-3_6
https://doi.org/10.3389/fmicb.2023.1126750
https://doi.org/10.1007/978-3-031-11454-0_1
https://doi.org/10.1042/BSR20201633
https://doi.org/10.1042/BSR20201633
https://doi.org/10.1093/NAR/GKY126
https://doi.org/10.1093/nar/gky596
https://doi.org/10.1007/978-1-0716-0908-8_9
https://doi.org/10.1007/978-1-0716-0908-8_9
https://doi.org/10.4161/bioe.24761
https://doi.org/10.4161/bioe.24761
https://doi.org/10.1093/nar/gkt990
https://doi.org/10.1093/nar/gkt990
https://doi.org/10.3109/10409231003628007
https://doi.org/10.3109/10409231003628007
https://doi.org/10.2144/btn-2021-0083
https://doi.org/10.1186/s12896-022-00765-3
https://doi.org/10.1186/s12896-022-00765-3
https://doi.org/10.3390/microorganisms6020047
https://doi.org/10.1093/nar/gkac975
https://doi.org/10.1093/nar/gkac975

174 Page 12 of 12

Applied Microbiology and Biotechnology ~ (2024) 108:174

Rosano GL, Ceccarelli EA (2014) Recombinant protein expression
in Escherichia coli: advances and challenges. Front Microbiol
5:1-17. https://doi.org/10.3389/fmicb.2014.00172

Sanchez S, Demain A (2012) Special issue on the production of recom-
binant proteins. Biotechnol Adv 30:1100-1101. https://doi.org/10.
1016/j.biotechadv.2011.12.004

Slaska-Kiss K, Zsibrita N, Koncz M, Albert P, Csabradi A, Szentes S,
Kiss A (2021) Lowering DNA binding affinity of SssI DNA meth-
yltransferase does not enhance the specificity of targeted DNA
methylation in E. coli. Sci Rep 11:1-11. https://doi.org/10.1038/
$41598-021-94528-3

Terpe K (2006) Overview of bacterial expression systems for heter-
ologous protein production: from molecular and biochemical
fundamentals to commercial systems. Appl Microbiol Biotechnol
72:211-222. https://doi.org/10.1007/s00253-006-0465-8

Tock MR, Dryden DTF (2005) The biology of restriction and anti-
restriction. Curr Opin Microbiol 8:466—472. https://doi.org/10.
1016/j.mib.2005.06.003

Vera A, Gonzélez-Montalban N, Aris A, Villaverde A (2007) The con-
formational quality of insoluble recombinant proteins is enhanced

@ Springer

at low growth temperatures. Biotechnol Bioeng 96:1101-1106.
https://doi.org/10.1002/bit.21218

Weber E, Engler C, Gruetzner R, Werner S, Marillonnet S (2011) A
modular cloning system for standardized assembly of multigene
constructs. PLoS One 6. https://doi.org/10.1371/journal.pone.
0016765

Wilkowska K, Mruk I, Furmanek-Blaszk B, Sektas M (2020) Low-level
expression of the Type II restriction-modification system confers
potent bacteriophage resistance in Escherichia coli. DNA Res
27:1-13. https://doi.org/10.1093/dnares/dsaa003

Zhu Z, Samuelson JC, Zhou J, Dore A, Xu SY (2004) Engineering
strand-specific DNA nicking enzymes from the type IIS restriction
endonucleases Bsal, BsmBI, and BsmAI. J Mol Biol 337:573—
583. https://doi.org/10.1016/j.jmb.2004.02.003

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3389/fmicb.2014.00172
https://doi.org/10.1016/j.biotechadv.2011.12.004
https://doi.org/10.1016/j.biotechadv.2011.12.004
https://doi.org/10.1038/s41598-021-94528-3
https://doi.org/10.1038/s41598-021-94528-3
https://doi.org/10.1007/s00253-006-0465-8
https://doi.org/10.1016/j.mib.2005.06.003
https://doi.org/10.1016/j.mib.2005.06.003
https://doi.org/10.1002/bit.21218
https://doi.org/10.1371/journal.pone.0016765
https://doi.org/10.1371/journal.pone.0016765
https://doi.org/10.1093/dnares/dsaa003
https://doi.org/10.1016/j.jmb.2004.02.003

	DNA methylases for site-selective inhibition of type IIS restriction enzyme activity
	Abstract 
	Key points
	Introduction
	Materials and methods
	Bacterial strains, plasmids, enzymes, and chemicals
	Molecular cloning of methylases
	Expression of the recombinant methylases
	Purification of the recombinant methylases
	Methylases activity assays

	Results
	Molecular cloning of methylases
	Expression and purification of recombinant methylases
	Analysis of DNA methylation

	Discussion
	Acknowledgements 
	References


